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Disruption of protein homeostasis, leading to accumulation of insoluble high molecular 

weight protein complexes containing the Huntingtin (HTT) protein and SUMOylated 

proteins, and transcriptional dysregulation are key features in Huntington’s disease (HD). 

Genetic modifiers contributing to HD age of onset have recently been identified and have 

critical roles in DNA damage repair (DDR) pathways.  The mechanisms involved in DDR 

rely strongly on signaling cascades and post-translational modifications such as SUMO to 

maintain genomic integrity. Further, the Huntingtin (HTT) protein itself scaffolds DDR 

proteins. We previously showed that striatal reduction of the E3 SUMO ligase PIAS1 was 

neuroprotective and modulated disease associated pathologies including accumulation of 

mutant HTT in a mouse model of HD. However, the exact mechanistic contributions of 

PIAS1 towards HD pathogenesis have not yet been fully elucidated. To further evaluate 

PIAS1 function in the context of HD, knock-down was investigated in human patient 

medium spiny neurons differentiated from induced pluripotent stems cells and two disease 
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mouse models.  My findings suggest that PIAS1 functions as a key regulator of post-

translational modification and protein homeostasis in HD neurons and mediates the 

functional activity of the transcription-coupled DNA damage repair complex in the 

striatum. Reduction of PIAS1 facilitated DNA repair, normalized aberrant transcriptional 

profiles related to synaptic function, and may stabilize the CAG-repeat within HTT. The 

results of this research provide the first mechanistic link between SUMOylation and DNA 

damage repair in the central nervous system. Specifically, they provide insight into how 

DNA damage repair pathways and post-translational modifications might contribute 

towards HD, and overall for targeting pathway mediators to restore homeostatic balance, 

with broad implications for HD and other neurodegenerative diseases. 
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INTRODUCTION 

Huntington’s disease genetics and pathology 

Huntington’s disease (HD) is an autosomal-dominant, neurodegenerative disorder, caused 

by a trinucleotide CAG repeat expansion within exon 1 of the huntingtin (HTT) gene (Group, 

1993). Typical age of adult-onset for HD is between 35 and 50 years of age with an inverse 

relationship existing between the length of the CAG repeat and age of onset (Langbehn et 

al., 2004). A repeat length of 40 CAGs is associated with nearly complete penetrance of the 

disease with unaffected individuals having between 6 and 34 repeats. Incomplete 

penetrance exists with individuals carrying between 36 and 39 repeats and there is an 

increased risk of offspring inheriting the disease due to somatic repeat expansion in 

unaffected individuals with 27-35 repeats, particularly if the mutant allele is inherited from 

the father (Norremolle et al., 1995; Semaka et al., 2006). A juvenile variant of the disease 

with more than 60 repeats typically develops symptoms before the age of 20 with greater 

severity and a more rapid progression of neuropathology (Nance and Myers, 2001). 

However, the correlation between repeat length and age of onset (AO) is not fully 

predictive for adult onset HD and only accounts for 40-50% of the variance in AO, 

suggesting the influence of disease modifiers including genetic or environmental factors 

(Wexler et al., 2004). Indeed, recent Genome-wide association studies (GWAS) identified 

several genetic contributors to the observed variance in age of onset (GeM-HD, 2015, 

2019). 

 

Movement abnormalities, cognitive deficits, and personality changes are the hallmark 

symptoms of HD (Goh et al., 2018). In addition to these clinically observed symptoms, 
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Huntington’s is associated with numerous pathogenic outcomes. The CAG-repeat expansion 

codes for a polyglutamine (PolyQ) tract within the mutant HTT protein (mHTT). The 

presence of this expansion results in aberrant misfolding, proteolysis, and accumulation of 

mHTT associated with disease pathogenesis (Koyuncu et al., 2017; Sathasivam et al., 2013). 

This disruption of protein homeostasis, including protein quality control networks, is also a 

hallmark of other neurodegenerative disorders such as Alzheimer’s disease (AD), 

Parkinson’s disease (PD) and Amyotrophic lateral sclerosis (ALS) (Hipp et al., 2014; 

Kurtishi et al., 2019; Ross and Poirier, 2004). Neuropathology presents as notable 

degeneration of GABAergic medium spiny neurons (MSNs) in the striatum (caudate and 

putamen), cortical atrophy, and loss of striatal projection neurons (Ross and Tabrizi, 2011; 

Rub et al., 2016; Zuccato et al., 2010). After clinical onset there is a mean survival rate of 

about 20 years for individuals with HD with patients ultimately passing away due to falls or 

swallowing difficulties leading to aspiration pneumonia (Bates et al., 2002; Zuccato et al., 

2010). To date, no disease modifying treatment exists for HD. 

 

Homozygous loss of Htt in mice shows embryonic lethality prior to the formation of the 

nervous system (Nasir et al., 1995) and conditional loss of WT Htt during development 

results in neurodegenerative phenotypes in adult mice (Dragatsis et al., 2000). Mutant HTT 

itself is functional and can rescue null mice (Leavitt et al., 2001), however normal function 

appears to be impaired upon CAG repeat expansion. While not sufficient to drive disease in 

the absence of mHTT, loss of normal HTT function appears to contribute to disease (Liu 

and Zeitlin, 2017). 

 



3 
 

The HTT protein is involved in multiple normal cellular processes from its function as a 

critical scaffold protein and loss of these functions may contribute to disease. For instance, 

a key characteristic of HD is BDNF (Brain Derived Neurotrophic Factor) deficiency with 

loss of trophic support potentially contributing to neuronal dysfunction and 

neurodegeneration (Ferrer et al., 2000; Zuccato and Cattaneo, 2009). One of the first 

functions for HTT was defined as a mediator of BDNF trafficking along microtubules. Loss 

of this function could in part contribute to the observed regional vulnerability of MSNs due 

to loss of trophic support from the cortex to the striatum (Gauthier et al., 2004). Further, 

HTT binds numerous transcription factors, which initially suggested that HTT functions in 

gene transcription (Cha, 2007; Steffan et al., 2000) and HTT has recently been defined as a 

scaffold for selective autophagy by interacting with key autophagic proteins that are 

important for the formation of autophagosomes  (Ochaba et al., 2014; Rui et al., 2015). 

Finally, recent studies have shown the HTT protein scaffolds DNA repair processes (Gao et 

al., 2019; Maiuri et al., 2017). Therefore, scaffolding functions of HTT are required for 

multiple cellular processes including selective autophagy and DNA damage repair and 

these functions are compromised in disease. Together, reduced normal HTT function in 

conjunction with a toxic gain of function for mHTT together appear to result in the 

observed molecular hallmarks associated with HD. 

 

Due to the genetic nature of HD, multiple cell and mouse models were developed in an 

effort to understand the molecular progression that contributes to disease pathogenesis. 

The design of these animals varies; from transgenic fragments to knock-in at the 

endogenous murine locus and each provides a platform for studying different aspects of 
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the disease (Brooks and Dunnett, 2015). Summarized are the models that I used in for my 

dissertation work. 

 

The R6/2 model was the first HD model generated by a transgenic overexpression of the 

first 1.9 kb of human HTT with a PolyQ tract of ~115-150 followed by the human proline-

rich region on a hybrid CBAxC57BL/6 background (Mangiarini et al., 1996). Originally, it 

was developed to study repeat instability in vivo, however was found to exhibit robust and 

progressive neurological deficits similar to features of HD. Phenotypes include early onset 

of involuntary movements such as dyskinesia, impaired performance on motor tasks such 

as pole test and Rotarod, seizures, and progressive biochemical pathology (Carter et al., 

1999). While motor deficits appear as early as 5 weeks of age, cognitive deficits are also 

observed in R6/2 mice as early as 3.5 weeks of age and include decreased spatial 

navigation capacity and deficits in visual recognition and discrimination tasks (Lione et al., 

1999). There is a progressive formation of mHTT intranuclear inclusions throughout the 

brain in these animals along with substantial loss in overall brain volume (Davies et al., 

1997; Mangiarini et al., 1996). R6/2 mice have reduced levels of BDNF at both the 

transcript and protein levels, recapitulating an important phenotype in human patients 

(Zuccato et al., 2010). A notable loss of neurotransmitter receptors in R6/2 mice on striatal 

projection neurons may in part account for observed neuronal dysfunction and 

neurodegeneration (Cha et al., 1998). This is accompanied by electrophysiological 

alterations in MSNs in the striatum causing excitotoxicity, affecting synaptic properties, and 

resulting in decreased amplitude of action potentials (Klapstein et al., 2001). Progressive 

genomic instability is notable in these animals with increased oxidative damage to genomic 
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DNA (Bogdanov et al., 2001) and strand breaks observed (Enokido et al., 2010; Illuzzi et al., 

2009). 

 

Due to the rapid progression and shortened lifespan (10-15 weeks), presence of juvenile 

onset repeat, and presence of a toxic fragment that is typically generated during the course 

of disease, the R6/2 transgenic line is roughly representative of juvenile HD or later stage 

HD. Taking advantage of its robust phenotype, it has been used for countless initial 

preclinical studies to evaluate interventions in vivo (Gil and Rego, 2009). However, R6/2 

mice and associated lines (e.g R6/1 that has transgene in a different integration site) may 

be less suitable for investigating molecular mechanisms that are implicated early on in the 

disease, prior to onset of motor or even cognitive phenotypes. HD mouse models carrying 

full-length HTT with the expanded repeat mutation have relatively delayed onset of motor 

phenotypes and additional cognitive neurological deficits have been detected (Brooks and 

Dunnett, 2015; Menalled and Brunner, 2014). Full-length models tend to live longer and 

cognitive tests, such as those testing learning and memory, can be conducted with less 

performance confounds due to motor deficits. The zQ175 mouse model of HD is a knock-in 

(KI) mouse model at the endogenous locus of murine Htt on a C57Bl/6 background derived 

from a spontaneous expansion of a well-established Q140 knock-in line (Menalled et al., 

2012). Notably, this mouse has a chimeric full-length HTT with the human CAG-repeat 

expansion and adjacent proline-rich region of human HTT within endogenous mouse Htt. 

 

zQ175 mice show onset of motor and cognitive deficits in both homozygous and 

heterozygous mice with heterozygous animals exhibiting later onset. Heterozygous mice 
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therefore mimic the autosomal dominant inheritance trait of HD. Behavioral deficits 

include decreased body weight, hypoactivity, and motor deficits as assessed by Rotarod 

behavioral task with phenotypes manifesting around 20 weeks of age in heterozygotes. 

Transcriptional dysregulation including decreased expression of striatal gene markers such 

as Darpp-32 is detected as early as 12 weeks of age (Heikkinen et al., 2012; Menalled et al., 

2012). More recently, zQ175 mice were included in an in-depth allelic series analysis of 

transcriptional and proteomic profiling where transcriptional signatures were 

characterized into disease-associated modules (Langfelder et al., 2016). Transcriptional 

modules associated with disease included those which enriched for MSN identity genes, 

cellular signaling, and DNA damage repair (DDR) pathways thereby establishing a baseline 

for observed molecular changes in this mouse model of HD. In addition to DDR pathways 

being upregulated transcriptionally (Langfelder et al., 2016), zQ175 animals have increased 

levels of strand breaks and a corresponding decrease in genomic stability (Gao et al., 2019; 

Gasset-Rosa et al., 2017). 

 

MSNs in the striatum of zQ175 mice are hyperexcitable with smaller action potentials with 

deficits in neurotransmitter release by 6-9 months of age in heterozygotes (Heikkinen et 

al., 2012) accompanied by a decrease in striatal and cortical volumes by MRI as early as 4 

months of age. Later studies have shown a considerable amount of striatal and cortical 

atrophy in homozygous mice as early as 3 months of age, preceding behavioral deficits 

(Peng et al., 2016). Decreased post-synaptic density is observed in zQ715 mice with 

corresponding alterations in striatal metabolites such as decreases in glutamate and GABA 

and an increase in glutamine (Peng et al., 2016). Further, these animals have altered 
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neurotransmission and synaptic vesicle release. Taken together, zQ175 mice exhibit 

molecular dysregulation that recapitulates aspects of HD pathogenesis (Chen et al., 2018; 

Heikkinen et al., 2012). Overall, mouse models of HD provide a powerful genetic tool to 

help elucidate the pathogenic complexities of the disease. Utilizing these two specific 

models allows us to investigate the contribution of the expanded PolyQ within a toxic 

fragment (i.e. R6/2 transgene fragment) and full-length mHTT protein (i.e. KI mouse 

models). Investigating the functional contributions of different molecular pathways in a 

complex in vivo system such as the mouse brain, aids in elucidating mechanisms driving 

disease pathogenesis in a translational context. 

 

Cross-model investigation of therapeutic interventions will greatly aid in preclinical drug 

design. In addition to utilizing multiple mouse models of HD, the ability to induce 

pluripotency in human patient fibroblasts has become a powerful tool for studying human 

diseases. Termed induced pluripotent stem cells (iPSCs), these cells are reprogrammed into 

a pluripotent state allowing them to be differentiated into numerous cell types using a 

variety of transcription factors, small molecules, and small RNAs that can then be used to 

study specific human cell types in culture (Singh et al., 2015). These iPSCs can be derived 

from human subjects with specific diseases and differentiated into relevant cell types to 

study related pathologies. For HD, patient-derived iPSCs can be differentiated into MSNs, 

other neurons or glia, allowing for experimental manipulation of an otherwise inaccessible 

cell type (Geater et al., 2018). Therefore, for my dissertation I sought to utilize numerous 

genetic models of HD, ranging from human, patient neurons to animal models, to elucidate 

the molecular mechanisms of disease pathogenesis. 
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Protein and genomic homeostasis in Huntington’s disease 

Investigations into the biological mechanisms underlying HD and identification of potential 

therapeutic targets have shed light on the ways mHTT is processed throughout the disease. 

Mutant HTT undergoes conformational flux and processing which leads to increased 

protein fragmentation and formation of both soluble and insoluble aggregate species 

(Hoffner and Djian, 2014, 2015; Ross et al., 2017). Intranuclear inclusions of aggregated 

NH2-terminal fragments are one of the hallmarks of HD pathogenesis first described by 

DiFiglia et al. in 1997 in post-mortem brain tissue from HD patients and by the Bates group 

in R6/2 mice (Davies et al., 1997; DiFiglia et al., 1997). In later studies, the Bates group 

showed that incomplete splicing can also result in the endogenous expression of a 

pathogenic exon 1 fragment of mHTT that may contribute to disease progression in HD 

(Neueder et al., 2017). Mutant HTT forms aggregates in a progressive manner 

corresponding with stage of disease, likely serving as a surrogate marker of disease 

progression and aberrant protein homeostasis (Davies et al., 1997; DiFiglia et al., 1997). 

However, intranuclear inclusions and mHTT aggregates are an end-product of 

dyshomeostasis and mHTT undergoes several changes in conformation prior to entering an 

insoluble aggregate phase (Hoffner and Djian, 2014). 

 

During the aggregation process, mHTT transitions from a soluble monomer stage through 

soluble oligomeric species and β-sheet fibrils to insoluble aggregates and inclusions, 

though in a non-linear path (Arndt et al., 2015; Hoffner and Djian, 2014). Soluble, 

monomeric mHTT containing the expanded PolyQ region first forms prefibrillar or 

protofibrilar soluble oligomers (Poirier et al., 2002). Proposed globular intermediates 
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bridge between soluble and insoluble fibrils but ultimately β-sheet amyloid-like fibers form 

(Scherzinger et al., 1997) followed by insoluble accumulated species, aggregates, or 

inclusions. However, the “toxic conformer” of mHTT is not yet defined and the temporal 

formation of each form has not been systematically evaluated in parallel. A number of 

assays are now available to follow mHTT protein species throughout disease progression 

such as soluble oligomeric species (Sontag et al., 2012), insoluble accumulated species 

(O'Rourke et al., 2013; Ochaba et al., 2016; Ochaba et al., 2018), and insoluble fibrillary 

species (Wanker et al., 1999). Further, due to the chemically distinct nature of difference 

conformers, establishing optimal cell lysis methods or biochemical assays to resolve mHTT 

species to compare to behavioral phenotypes, peripheral effects, and cellular networks 

would greatly assist researchers in preclinical studies. 

 

Alterations in transcription and genome stability are also observed in HD. These may in 

part be due to a loss of HTT function, an aberrant function of mHTT, or driven by aberrant 

compensatory mechanisms to counterbalance the presence of mHTT protein. 

Transcriptional dysregulation has been well documented in HD and other PolyQ diseases 

(Hodges et al., 2006; Labadorf et al., 2015; Moumne et al., 2013; Xiang et al., 2018). Some of 

this observed dysregulation has been attributed to mHTT binding to transcription factors, 

directly binding DNA, or altering chromatin structure (Benn et al., 2008; Kumar et al., 

2014), although the emerging literature suggests highly complex mechanisms involved. 

Overall, transcriptional dysregulation in HD has been associated with loss of neuronal 

identity gene expression which may contribute to neuronal malfunction (Achour et al., 

2015; Hodges et al., 2006; Labadorf et al., 2015). 
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While aberrant transcriptional profiles are an indicator of altered genomic structure and 

regulation, in HD, genomic instability is also observed. In HD patients, genetic variants 

within DNA damage repair genes associate with disease progression and account for some 

of the observed variability for AO, suggesting maintenance of genomic stability is a critical 

component of disease pathogenesis (Bettencourt et al., 2016; GeM-HD, 2015; Moss et al., 

2017). Additionally, somatic repeat expansion of the disease-causing CAG-repeat is a 

significant predictor of AO from analysis of HD patient post-mortem cortical samples 

(Swami et al., 2009). This expansion is attributed to the instability of the CAG-repeat and is 

seen primarily in the most overtly affected striatum (Telenius et al., 1994). Germline repeat 

instability, which causes repeat expansions between generations, are primarily due to 

instability during gametogenesis with the largest expansions arising in sperm (Telenius et 

al., 1994; Wheeler et al., 1999) suggesting that expansion is related to DNA replication. 

However, in neurons where DNA is not replicated but is highly transcribed, the observed 

somatic repeat expansion has been primarily attributed to aberrant or inappropriate repair 

of damaged DNA after misalignment or formation of other unusual DNA structures 

(Schmidt and Pearson, 2016). Alternatively, a loss of adequate repair has also been 

proposed to decrease genomic stability in the HD brain such that increased oxidative stress 

and DNA damage have been reported in both human postmortem brain samples and mouse 

models of HD (Bogdanov et al., 2001; Browne et al., 1997; Enokido et al., 2010; Giuliano et 

al., 2003; Illuzzi et al., 2009). This suggested that a decrease in genomic stability may also 

contribute to the observed transcriptional dysregulation in HD. Supporting this, evidence 

from the zQ175 mouse striatum has shown a deficit in adequate DDR corresponded to 

decreased genomic stability of key neuronal genes (Gao et al., 2019). Further, increased 
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levels of DNA damage correspond to hyperactivation of ATM signaling pathways which 

may further contribute to disease pathogenesis (Gao et al., 2019; Giuliano et al., 2003). 

Understanding the functional mechanisms that drive genomic instability throughout 

disease pathogenesis will therefore aid in development of targeted therapeutics to delay 

AO. 

 

SUMO modification in HD and neurodegeneration 

Mutant HTT-containing neuronal inclusions co-localize with ubiquitin suggesting that 

mHTT is targeted for degradation but is unable to be cleared by the ubiquitin proteasome 

system (UPS) or autophagy and implicates post-translational modifications (PTMs) in 

disease-affected mechanisms (Hipp et al., 2014; Ravikumar et al., 2004; Waelter et al., 

2001). PTMs are additions onto translated proteins that can alter function, localization, 

interactions or homeostasis. There are a variety of different PTMs ranging from 

phosphorylation to conjugation of small peptides such as ubiquitin, with each impacting 

cellular networks. Ubiquitination on target lysine residues canonically marks a misfolded 

or unfolded protein for degradation by the proteasome as a recycling mechanism for 

cellular components (Hershko and Ciechanover, 1998; Kocaturk and Gozuacik, 2018). 

However, there are other functions that are dictated by the manner of ubiquitin 

conjugation on lysines of the target protein, such as histone ubiquitination modulating gene 

expression at the epigenetic level (Bonnet et al., 2014). 

 

Another PTM, Small ubiquitin-like modifier (SUMO), also associates with protein inclusions 

in neurodegenerative disorders including HD, suggesting a pathologic role for SUMO 
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modification in neurodegenerative pathogenesis (Anderson et al., 2017; Ma et al., 2019). 

Further, many disease proteins themselves are SUMOylated, suggesting that the SUMO 

modification directly regulates protein aggregation perhaps by mediating solubility or 

protein-protein interactions ((Liebelt and Vertegaal, 2016), Table 1). Establishing the 

precise molecular mechanisms of SUMO contribution in the disease state will help inform 

how this PTM (and similar modifications) contribute towards maintaining protein 

homeostasis. 

 

HTT is post-translationally modified at multiple residues and by diverse PTMs, with each 

influencing the function of normal HTT or the toxicity and clearance of mHTT (Sambataro 

and Pennuto, 2017). In the presence of expanded mHTT, normal modification pathways 

may be perturbed. There are three lysines in the 17 amino acid N-terminus of HTT 

preceding the PolyQ tract (referred to as N17 from hereon); K6, K9, and K15. These lysines 

were shown to be both ubiquitin and SUMO modified, indicating a possible competitive 

homeostatic balance that is further modulated by phosphorylation (O'Rourke et al., 2013; 

Steffan et al., 2004; Thompson et al., 2009). These studies focused on the pathogenic, N-

terminal fragment of mHTT and the group has since shown that HTT may be SUMOylated 

further downstream with a number of potential SUMO consensus sites (O'Rourke et al., 

2013). Since SUMOylation and ubiquitination are associated with HD and accumulation of 

mHTT, understanding the contribution of SUMO towards HD pathogenesis provided a 

unique opportunity to understand protein homeostasis in HD as well as identify potential 

targets for future disease-modifying interventions. 
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Like ubiquitin, SUMO is conjugated to lysine residues, typically within a ψKXE SUMO 

consensus motif where ψ is a hydrophobic amino acid (Liebelt and Vertegaal, 2016). 

Competition between SUMO and ubiquitin may mediate substrate stability and function 

through a tightly regulated balance between conjugation and deconjugation. Further, SUMO 

conjugation onto target lysines can act in concert with ubiquitin as SUMO-targeted 

ubiquitin ligases (STUbLs) recognize SUMOylated substrates as targets for ubiquitination 

and clearance (Liebelt and Vertegaal, 2016). SUMO, however, has independent roles from 

ubiquitin as well. Addition of SUMO on a target protein alone can activate or repress 

function, mediate interactions with different binding partners, or change subcellular 

localization. SUMO modulates transcriptional activity of several transcription factors and at 

the epigenetic level, modifies histones directly (Liebelt and Vertegaal, 2016). Epigenetic 

SUMOylation is associated with transcriptional repression of biogenesis encoding genes 

and serves as a global transcriptional repressor by mediating chromatin modifiers in 

response to DNA damage (Hendriks et al., 2015; Neyret-Kahn et al., 2013). Further, 

maintenance of genome stability through a key role in DDR pathways has been well 

established for SUMO (Schwertman et al., 2016; Su et al., 2019). To utilize the diverse 

functionality of SUMO, SUMO target specificity and subsequent functionality is orchestrated 

by a cascade of processing enzymes that activate and covalently link SUMO to substrates. 

 

The biochemical mechanism for SUMO conjugation is similar to that of ubiquitin (Figure 1). 

SUMO isoforms have high sequence similarities but distinct functions. SUMO 2 and 3 are 

95% identical in sequence, making it difficult to distinguish between these isoforms using 

traditional biochemical approaches. Therefore, they are often referred to together as 



14 
 

SUMO2/3. SUMO modification is highly dynamic and reversible. To initiate the conjugation 

cascade, SUMO proteins first undergo a maturation process by SUMO-specific proteases 

(SENPs, (Kunz et al., 2018)). SENPs, which are also responsible for SUMO deconjugation, 

first expose a C-terminal diglycine motif allowing for further downstream access for 

enzymatic activity. This initial step allows for discrimination between different SUMO 

isoforms, with different SENPs recognizing different SUMOs based on surface charge 

complementarity, thereby allowing transcriptional and subcellular regulation of SUMO-

specific conjugation (Dorval and Fraser, 2007; Reverter and Lima, 2004). SUMO then 

undergoes an activation reaction with specific SUMO activating enzymes (E1 enzymes SAE1 

and SAE2). This step is an ATP-dependent series of chemical reactions in which the C-

terminus of SUMO is cleaved and a high-energy thioester bond formed between the E1 

enzyme and the processed SUMO facilitated by a conformational change in E1 (Cappadocia 

and Lima, 2017). 

 

After activation, SUMO is transferred onto the SUMO conjugating enzyme (E2) through a 

transthioesterification reaction with the E1-SUMO structure. There is only one known 

SUMO E2 ligase: Ubc9. Ubc9 is capable of conjugating SUMO to substrate proteins by 

interacting with the SUMOylation consensus motif but with no specificity (Liebelt and 

Vertegaal, 2016). However, there are several families of SUMO E3 ligases in mammals 

which increase substrate specificity, increase the rate of SUMOylation, and are necessary 

for SUMO conjugation in vivo. SUMO is transferred from E2 to E3 ligases through another 

transthioesterification reaction. With the E3 thioester-SUMO product, SUMO can be 

efficiently transferred onto a lysine residue of the target protein (Cappadocia and Lima, 
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2017). Alternatively, E3 ligases can promote optimal conformation of E2-SUMO with the 

substrate allowing for nucleophilic attack of the thioester bond. SUMO E3 ligases 

canonically possess a RING domain which is required for the ligase activity (Yunus and 

Lima, 2009). SUMOylation is a transient, reversible modification and SUMO can be rapidly 

removed by SENPs and recycled to start the conjugation process over again (Kunz et al., 

2018). 

 

 
Figure 1: The SUMO conjugation pathway. 1) SUMO processing by SUMO-specific 
proteases (SENPs) recycles conjugated or prepares free SUMO moieties for conjugation by 
exposing the diglycine motif. 2) Activation of SUMO by E1 activating enzymes is ATP 
dependent and generates a thioester bond. 3) SUMO transfer onto E2 conjugating enzyme 
followed by 4) transfer to E3 ligase through transthioesterification reactions to conjugate 
SUMO moiety onto target substrate. 
 

The broad repertoire for SUMO as a regulatory PTM comes from the existence of multiple 

E3 ligases and from the different ways substrates can be SUMOylated. Isoforms SUMO2 and 
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3 are known to form polySUMO chains and SUMO2 and SUMO3 may have prominent roles 

in the cytoplasm and in nuclear bodies respectively (Su and Li, 2002). The sequence and 

structure of SUMO1 prevents further conjugation of additional SUMO proteins. SUMO1 

therefore is often conjugated to target proteins as a monomer or as a cap for polySUMO 

chains of other SUMO isoforms (such as SUMO2 or 3, (Gareau and Lima, 2010)). However, 

SUMO isoforms can be modified directly by ubiquitin, further increasing the functional 

capabilities of this PTM (Sun et al., 2007). 

 

SUMOylation can mediate protein-protein interactions and complex formation by non-

covalent binding through SUMO Interaction Motifs (SIMs, (Song et al., 2004)). SIMs are 

composed of a conserved sequence of four amino acids containing three hydrophobic 

residues (VVXV or VXVV where V=V/I) that are flanked by phosphorylatable acidic 

residues (Song et al., 2004; Stehmeier and Muller, 2009). Binding of SUMO is facilitated by a 

β-strand tertiary structure adopted by the SIM which then complements the hydrophobic 

β-sheet groove within SUMO in either parallel or antiparallel orientations (Cappadocia and 

Lima, 2017). Proteins containing a series of tandem SIMs have high affinity for polySUMO 

chains such as the STUbL RNF4 which ubiquitinates SUMOylated proteins for degradation 

by the UPS, converging SUMO and ubiquitin proteostatic pathways (Sun et al., 2007). 

 

SUMOylation of disease-associated proteins often corresponds to a shift in solubility and 

aggregation propensity (Table 1). However, whether this is a direct functional role for 

SUMO on these target substrates or a consequence of disease-associated pathogenesis 

requires additional study. One possibility is that SUMO conjugation mediates protein 
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solubility thereby affecting levels of toxic, soluble conformations of mutant or misfolded 

proteins. For example, mHTT can be modified by SUMO2 which is associated with its 

increased accumulation and aggregation potential (O'Rourke et al., 2013). Another 

suggested mechanism is through sequestration of cellular components through non-

covalent SIM-mediated binding to SUMOylated proteins within protein aggregates (Dorval 

and Fraser, 2007). A third possibility is that SUMOylation can affect subcellular localization 

(Borden, 2002). This might drive aggregate formation such that SUMO is a significant 

component of intranuclear inclusions (Ma et al., 2019). Indeed, phosphorylated N17 HTT 

regulates both nuclear localization and poly-SUMOylation potential of HTT (Thompson et 

al., 2009). Nuclear retention or subcellular mislocalization can greatly affect the 

transcriptional landscape in affected neurons providing an explanation of the 

transcriptional dysregulation often associated with neurodegenerative diseases (Dorval 

and Fraser, 2007). Targeting SUMO and SUMOylation machinery will help elucidate the role 

of SUMO in neurodegenerative diseases, including HD. 

 

SUMO E3 ligase PIAS1 may represent a therapeutic target for Huntington’s disease 

To begin understanding the molecular contributions of SUMO and SUMOylated mHTT in 

HD and to develop a therapeutic target distinct from SUMO itself given its broad 

functionality, the conjugation mechanism for SUMO was investigated and of the PIAS E3 

ligases, PIAS1 was identified as the form which predominantly enhanced SUMOylation by 

both SUMO1 and SUMO 2/3 of HTT (O'Rourke et al., 2013). PIAS1 was originally identified 

and named for its ability to inhibit activated STAT1 (Protein inhibitor of activated STAT1 

(Liu et al., 1998)). STAT proteins are transcription factors that, when activated by 
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cytokines, translocate to the nucleus to activate genes associated with immune response 

pathways. However, PIAS1 and other PIAS isoforms (PIAS2/x, PIAS3, PIAS4/y) have 

several functions including serving as SUMO E3 ligases (Rytinki et al., 2009). Specifically, 

PIAS proteins are RING-domain containing ligases and PIAS1 interacts directly with Ubc9 

through this domain to mediate the rate and substrate specificity for SUMO conjugation by 

either increasing Ubc9 substrate binding or orienting Ubc9 in a beneficial position for 

optimal transfer of SUMO (Mascle et al., 2013). As an E3 ligase, PIAS1  regulates 

inflammatory processes (Liu and Shuai, 2008), recruits proteins to DNA damage break sites 

(Galanty et al., 2009), and targets proteins for degradation by the UPS (Galanty et al., 2012). 

 

For mHTT specifically, overexpression of PIAS1 increased accumulation of an insoluble 

high molecular weight (HMW) aggregate species in cell culture (O'Rourke et al., 2013). 

Inversely, knock-down (KD) of PIAS1 in cell culture using an siRNA against PIAS1 

drastically reduced accumulated, insoluble mHTT (O'Rourke et al., 2013) indicating that 

PIAS1 may be a viable therapeutic target for disease intervention in HD by modulating 

protein accumulation. Whether PIAS1 modulation had a direct effect on SUMO modification 

of HTT versus through impacting the SUMO network or PIAS1 function is not yet known. 

 

In vivo KD of Pias1 in the striatum of the R6/2 mouse model of HD showed behavioral 

rescue of grip strength, pole test, Rotarod, and clasping deficits, suggesting  that 

modulation of Pias1 is behaviorally beneficial in HD animals (Ochaba et al., 2016). 

Overexpression of Pias1 in the striatum of a separate cohort of R6/2 mice exacerbated HD-

associated behavioral deficits highlighting the molecular balance affected in the disease 
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state. Biochemically, KD of Pias1 in R6/2 mice significantly reduced accumulation of 

insoluble HMW mHTT and aggregate species of mHTT which were accompanied by 

reductions in both global SUMO and ubiquitin insoluble conjugates with KD. Pias1 

modulation also affected levels of synaptophysin in the striatum of treated mice; reduced 

Pias1 restored synaptophysin levels to non-disease state, suggesting that Pias1 may be 

influencing synaptic proteins as well. Further, reduction of Pias1 in R6/2 mice normalized 

dysregulated inflammatory markers and reduced microglial activation suggesting that the 

function of Pias1 in innate immunity may be altered in HD (Ochaba et al., 2016). This was 

accompanied by restoring nuclear localization of NfκB, negatively regulated by Pias1, 

potentially freeing NfκB to function as a transcription factor for proinflammatory 

pathways, and providing a possible mechanism of action for Pias1 in HD for restoring 

disease-associated dyshomeostasis. However, the exact mechanisms of Pias1 in HD 

remained unresolved. 

 

PIAS1 contains several functional domains (Figure 2.1). SUMO E3 ligase activity, as 

discussed, is mediated through the RING domain. This domain is also crucial for protein-

protein interactions and specific ligase functionality includes the interaction with Ubc9 

mediated through several cysteines within the RING domain (Kahyo et al., 2001). Mutation 

of these cysteines produces a ligase-dead, functionally null PIAS1 protein (Lee et al., 2003; 

Yurchenko et al., 2006). If direct SUMOylation of mHTT by PIAS1 mediates aggregation 

propensity, it would therefore be hypothesized that a ligase-dead PIAS1 would not 

promote HMW mHTT accumulation when overexpressed. In addition to the RING domain 

mediating ligase activity, PIAS1 interaction with Ubc9 is mediated in part through the SIM 



20 
 

domain following the RING domain, in a ternary complex with a SUMO moiety (Mascle et 

al., 2013). The SIM within PIAS1 may therefore aid in proper loading and stabilization of 

the Ubc9-SUMO structure for optimal transfer of the SUMO moiety onto a substrate protein 

(Cappadocia and Lima, 2017). It is therefore possible that the PIAS1 SIM is important for 

mediating adequate SUMOylation of PIAS1 substrates such as HTT, thereby mediating 

accumulation of mHTT protein. 

 

While overall SUMOylation may contribute to protein stability and turnover, it is possible 

that SUMOylation also may regulate proteostatic balance of transcriptional regulators. 

SUMOylation of transcription factors often serves as a negative regulator of transcription 

(Rosonina et al., 2017). In the nervous system specifically, numerous transcription factors 

that drive neuronal identity and survival genes are regulated by SUMO (Table 2). 

Therefore, SUMOylation may be an integral component of disease associated 

transcriptional dysregulation. PIAS1 specifically has been identified as the E3 for many of 

these factors (Estruch et al., 2016; Gregoire and Yang, 2005; Riquelme et al., 2006; Tai et al., 

2016) indicating that it could play a crucial role in mediating neuronal development, 

survival, and identity. 

 

In addition to directly modulating transcription of neuronal genes, SUMOylation also 

contributes to the structure and function of neurons at the synapse (Henley et al., 2018; 

Schorova and Martin, 2016). Specifically, purified synaptosomes are enriched for SUMO-

modified proteins (Feligioni et al., 2009) suggesting that SUMO may modify components of 

the synapse directly. Indeed, dozens of synaptic proteins have been identified as putative 
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SUMO substrates although through unknown E3 ligases (Table 3). For some of these 

substrates, SUMOylation modulates synaptic excitability suggesting that SUMO plays a 

neuroprotective role to prevent excitotoxic events in response to neuronal injury (Peters et 

al., 2017). Therefore, dysregulated SUMOylation at the synapse may contribute to neuronal 

dysfunction observed in neurodegenerative disease. At the pre-synaptic terminal, PIAS1 

serves as an E3 ligase for glutamate receptors though with unknown functional 

consequences (Dutting et al., 2011; Tang et al., 2005). It is therefore possible that a direct 

role for PIAS1 exists at the synapse, mediating localization or protein-protein interactions 

to contribute to neuronal function. 

 

Another well characterized function for SUMO and related PTMs is in mediating DNA 

damage repair (DDR) pathways (Schwertman et al., 2016; Su et al., 2019). While the 

majority of these functions have been defined in dividing cells with major implications for 

cancer therapeutics (Han et al., 2018), little is known about their role in maintaining 

neuronal genomic homeostasis. SUMOylation of DDR factors in dividing cells has numerous 

functions ranging from nuclear localization and factor recruitment to degradation, and 

often involves PIAS1 or other PIAS family members for SUMOylation (Table 4). While many 

of these functions contribute to Homologous Recombination (HR), which requires the 

presence of the sister chromatid during replication, several contribute to repair processes 

that may be utilized in non-dividing cells. Neurons accrue DNA damage over time and lack 

access to repair mechanisms that require DNA replication (Abner and McKinnon, 2004; 

McKinnon, 2009). Further, inclusion bodies have been reported to contain DDR proteins 

associated with SUMO (Ma et al., 2019). Therefore, it is critical to begin to elucidate the 
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possible roles for SUMOylation in neuronal DDR mechanisms, particularly given the 

overwhelming current evidence linking DNA damage repair mechanisms to disease 

pathogenesis in  HD (Flower et al., 2019; GeM-HD, 2015; Massey and Jones, 2018; Moss et 

al., 2017). Given that DDR factors modulate AO of HD, the HTT protein serves as a scaffold 

for repair factors, and that PIAS1 also participates in repair mechanisms, it is possible that 

SUMOylation by PIAS1 is modulating repair pathways in the brain. 

 

DNA damage and SUMOylation; implications in HD and the Nervous System 

DNA damage repair (DDR) pathways help guarantee the fidelity of our genetic code. 

Mutations in repair factors involved in these pathways have been linked to numerous 

diseases; particularly cancer but including anemias, developmental neuropathologies, and 

neurodegenerative disorders ((McKinnon, 2017), Table 5). Further, DDR contributes to 

pathogenesis of neurodegenerative diseases, including HD, even in absence of  mutations of 

repair factors (Maiuri et al., 2019). In replicating cells, viable and robust repair mechanisms 

are crucial for passing genetic information onto sister cells and therefore have been 

extensively studied in the context of immortalized or cancerous cell lines. However, non-

replicating cells such as neurons face a different type of genetic hurdle: maintaining genetic 

stability without the chance of DNA being replenished. Post-mitotic cells are at risk for 

generating and accumulating DNA damage overtime which needs to be repaired without a 

template chromosomal copy that is available during mitosis. Neurons in particular are 

especially vulnerable to damage as they are highly active and produce more DNA damaging 

reactive oxygen species (ROS) compared to other cell types (Barzilai, 2007). The high 

transcription rate of neurons also makes them more prone to damage and mutagenesis 
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(Jinks-Robertson and Bhagwat, 2014) leading to the hypothesis that sustained DNA 

damage may be linked to aging and neurodegenerative disorders (Chow and Herrup, 

2015). Direct evidence about how DNA repair mechanisms function in neurons and the 

brain specifically is hard to come by due to the inaccessibility of these cell types for 

experimental manipulation. However, numerous studies using genetic animal models have 

characterized key components involved in maintaining genomic integrity in the brain 

(Madabhushi et al., 2014) and have shed light on the repair mechanisms utilized by post-

mitotic neurons. 

 

DDR pathways encompass a large array of intricate cellular response networks that have 

evolved to respond to numerous types of DNA damage. Endogenous damage can include 

double stranded breaks (DSB), single-stranded breaks (SSB), DNA:RNA hybrid structures 

(R-loops), mismatches, slipped hairpin loops, or base modifications such as oxidation 

(Figure 2A). Upon DNA damage accrual, a series of steps initiates to recognize and repair 

the lesion in several distinct pathways. The initial damage site is first recognized by 

“sensor” proteins which signal to “transducers” to propagate the response signal to 

downstream “effectors”. The canonical transducers for DDR are ATM (ataxia-telangiectasia 

mutated) and ATR (ataxia-telangiectasia and RAD3-related), with ATR primarily acting in 

replication-related repair (Marechal and Zou, 2013). Through signaling cascades, 

downstream “effectors” are recruited to process and repair the DNA (Barzilai, 2007). This 

cascade relies heavily on protein-protein interactions and PTMs to activate, recruit, and 

evict repair factors in a delicate balance. Disruption of this balance often leads to diseases 

including cancer and a variety of neuropathies ((McKinnon, 2017), Table 5). 
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Figure 2: Accrual of damage and consequences in neurons. A) Several types of DNA 
damage can be caused by active transcription in neurons as well as from high production of 
ROS. Damage can prevent transcription leading to neuronal malfunction. Several pathways 
have been shown to repair these types of lesions, many of which have been linked to 
neurodegenerative diseases. B) In a healthy neuron, DNA is repaired, increasing genomic 
stability allowing transcription to resume. C) In a diseased neuron, repair is either 
impaired or aberrantly contributes to decreased genomic integrity. This leads to further 
blockage of transcription and hyperactivation of signaling pathways such as ATM. Potential 
consequences of unrepaired DNA include mitochondrial malfunction and apoptosis, 
persistence in a senescent like state which might trigger neuroinflammation, or attempted 
re-entry into the cell cycle which could result in abortive cell death. 
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Base and Nucleotide excision repair: Damage to individual bases due to oxidative 

metabolism relies primarily on the base excision repair pathway (BER). The 

overproduction of ROS in neurons leaves DNA at risk for oxidative damage which can serve 

as a major road block for cellular processes if left unresolved (Crouch and Brosh, 2017). 

The BER pathway functions to correct such damage through use of DNA glycosylases (each 

serving as a sensor for a specific lesion type) to remove the modified base and repair the 

remaining single strand DNA (Jacobs and Schar, 2012). After recognizing the specific 

damaged nucleotide, glycosylases remove it, leaving a break behind. This break is 

subsequently processed by the endonuclease APE1 to prepare it for ligation. PNKP is 

another end processing enzyme that classically participates in BER to resolve oxidative 

damage by phosphorylating the 5’ and dephosphorylating the 3’ nucleic acid at the break 

site to prep for re-ligation (Jilani et al., 1999). This damage site is subsequently filled in and 

ligated by DNA polymerases and ligases, scaffolded by XRCC1 (Krokan and Bjoras, 2013; 

Svilar et al., 2011). 

 

Longer stretches of nucleotides or larger structural, transcription-impeding DNA lesions 

can be excised and repaired by the similar nucleotide excision repair (NER) pathway. NER 

often functions in conjunction with transcription (Marteijn et al., 2014) as the main form of 

transcription-coupled repair (TCR) which removes bulky adducts or lesions on the 

template DNA strand that impede RNA polymerase progression (Spivak and Ganesan, 

2014). After the damage is recognized, the NER effectors excise a stretch of 22-35 

nucleotides surrounding the damage site leaving single strand DNA behind which is then 

filled by components of the BER pathway such as PCNA, XRCC1, or a number of DNA 
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polymerases. XRCC1 is a SUMO substrate and SUMOylation of XRCC1 is necessary to recruit 

DNA polymerase β for efficient repair (Hu et al., 2018). The yeast homolog of PIAS1, Siz1, is 

known to SUMOylate PCNA requiring its PINIT domain to do so (Yunus and Lima, 2009) 

indicating that SUMO is a key mediator of BER and NER pathways. 

 

Base excision repair has been implicated in HD pathogenesis in several ways. Accumulation 

of ROS in fibroblasts of HD patients leads to an increase in damaged DNA in an expanded 

repeat dependent manner (Giuliano et al., 2003). Metabolic dysfunction and oxidative 

stress is observed in HD post-mortem brain, with increased oxidative damage recorded in 

caudate compared to age-matched control samples, suggesting a BER dysregulation under 

HD-associated genotoxic stress (Browne et al., 1997). Notably, repair of oxidized 

nucleotides through the BER pathway is linked to somatic expansion of the HD-associated 

CAG repeat in mice (Kovtun et al., 2007; Mollersen et al., 2012). Additionally, HTT itself 

functions as a scaffold for the ATM-mediated BER pathway in retinal epithelial cells and 

human HD patient derived immortalized fibroblasts, mediated through phosphorylation of 

HTT N17 as a functional consequence of sensing ROS (DiGiovanni et al., 2016). HTT 

localization at the site of damaged chromatin under oxidative stress requires ATM activity 

and HTT co-localizes with the BER endonuclease APE1. In addition to co-localizing with 

APE1, HTT interacts with other components of the BER pathway: XRCC1, FEN1, and 

phosphorylated ATM (Maiuri et al., 2017). Overall, recruitment of mHTT to damage sites 

but with a decreased repair response suggested a dominant negative gain of function for 

mHTT in DNA damage by failure to mediate adequate repair. 
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Transcription Coupled Repair: As mentioned, NER is utilized frequently to repair 

transcription-induced DNA strand breaks (Spivak and Ganesan, 2014). However, 

transcription-coupled repair (TCR) more broadly repairs several types of DNA lesions that 

can arise from active transcription and often samples from numerous distinct repair 

processes to do so. Actively transcribing genes are more exposed to endogenous damage 

causing agents due to the unwound state of DNA bound to polymerases and DNA breaks 

can form as a normal consequence of transcription (Jinks-Robertson and Bhagwat, 2014). 

Specifically, topoisomerases serve to maintain the topology of DNA during transcription by 

inducing breaks to remove torsional stress from the DNA and prevent hyper winding. 

Different types of topoisomerases result in single strand (SSB) and double strand (DSB) 

breaks which then need to be repaired to maintain genome integrity, with aberrant activity 

contributing to cellular malfunction (McKinnon, 2016; Pommier et al., 2016; Vos et al., 

2011). In addition to being necessary to relieve torsional stress on DNA, strand breakage 

mediated by topoisomerases induces expression of immediate early genes. In the brain, 

these genes are necessary for synaptic strengthening in response to activity (Madabhushi 

et al., 2015). Therefore, in addition to chemical insults on DNA, in actively transcribing and 

terminally differentiated cells such as neurons, DNA breaks are acquired as a consequence 

of normal transcription (Madabhushi et al., 2015; McKinnon, 2017) and TCR serves as a 

response mechanism to combat accrual of these lesions and maintain genomic integrity. 

 

Stalled RNA polymerase serves as the initial sensor for downstream TCR pathways. In an 

ATP-dependent manner, TCR effectors are recruited by interacting with the stalled 

polymerase (Laine and Egly, 2006). The first effectors to be recruited are the Cockayne 
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syndrome proteins (CSA and CSB) which serve to alter the topology of the DNA near the 

damage site and recruit additional factors (Beerens et al., 2005). SUMO may be involved in 

mediating this initial process as a potential intermediate degradation signal for CSB 

(Lecona et al., 2016; Sin et al., 2016). Downstream repair factors from other pathways such 

as NER and BER are then recruited to remove the lesion and repair the damaged DNA (Pani 

and Nudler, 2017). To resolve SSBs that arise from active transcription, BER is primarily 

utilized (Abbotts and Wilson, 2017). CSB can promote BER protein scaffold XRCC1 (Menoni 

et al., 2018), which utilized end processing enzyme PNKP to facilitate repair (Chakraborty 

et al., 2015). 

 

Mutations in CSA and CSB result in the premature aging disease Cockayne syndrome, with 

CSB mutations leading to syndrome-associated neuropathies (Table 5). While traditional 

TCR utilizes NER proteins, CSA and CSB proteins can work to repair strand breaks (both 

DSB and SSB) that arise from active transcription (Pascucci et al., 2018; Wei et al., 2015). 

Therefore, TCR may more broadly be applied to any type of damage that arises as a 

consequence of transcription and may sample repair factors from additional pathways to 

maintain genome integrity, especially in the aging brain. 

 

Double Strand Break repair: Two canonical and powerful pathways serve to repair DSBs: 

Homologous recombination (HR) and Non-homologous end-joining (NHEJ). HR depends on 

the presence of a sister chromatid, serving as a template for the site of DNA damage 

(Prakash et al., 2015). Therefore, HR operates only in the S and G2 phases of the cell cycle 

making this repair system inaccessible in senescent and post-mitotic cells. Unlike HR, NHEJ 
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does not require a template for the repair process. Instead, NHEJ brings each end of the 

damaged site together and reseals the DNA by direct ligation, making this system more 

error prone (Chiruvella et al., 2013). HR is utilized in proliferating or differentiating 

neurons and defects in this pathway have been linked to neurodevelopmental disorders 

(Abner and McKinnon, 2004). While there is a need of a template for HR, fully 

differentiated neurons rely heavily on NHEJ over HR to combat DSBs. 

 

Signaling cascades to repair DNA strand breaks are activated by initial epigenetic changes 

at the site of damage. Breaks are first recognized by the sensor MRN complex which 

activates ATM as a transducer (Marechal and Zou, 2013; Petrini and Stracker, 2003). 

Activated ATM subsequently phosphorylates serine 139 on the histone H2AX (Rogakou et 

al., 1998). Referred to as γH2AX, this epigenetic alteration marks damage sites as nuclear 

foci, ultimately recruiting downstream repair factors. The phosphorylation of H2AX is 

propagated along chromatin adjacent to the break site due to interaction of the protein 

MDC1 (Lou et al., 2006). SUMOylation of MDC1 is necessary for recruitment of further 

downstream repair factors and subsequent ubiquitination and clearance of MDC1 from 

repair sites (Luo et al., 2012). MDC1 is also phosphorylated by ATM which allows for 

additional epigenetic modifications near the DNA break site. These changes are key for 

recruiting 53BP1 or BRCA1 which act as competing crossing guards for NHEJ over HR 

respectively (Bunting et al., 2010). Recruitment of 53BP1 has been shown to be SUMO-

dependent and 53BP1 itself is SUMOylated (Galanty et al., 2009), suggesting that a 

depletion in SUMO or SUMOylation of 53BP1 may mediate activation of HR repair. 
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In mammalian cells, NHEJ is initiated by the recruitment of the Ku complex to sites of DSB 

marked by γH2AX (Mischo et al., 2005). The Ku complex consists of a heterodimer of Ku70 

and Ku80 which protects broken DNA ends and recruits additional effectors. End-

processing factors including DNA-dependent protein kinase (DNA-PKc), which serves as an 

additional transducer, and the nuclease Artemis are recruited to trim 5’ and 3’ overhangs at 

the damage site, prepping the ends for ligation (Ma et al., 2002). PNKP has also been shown 

to participate in end processing of NHEJ facilitated repair including those arising from 

active transcription (Chakraborty et al., 2016; Chappell et al., 2002). After adequate end-

trimming, DNA binding proteins including XRCC4 bring the broken ends within mending 

proximity. XRCC4 has been shown to be SUMOylated by PIAS1 and PIAS2 with 

SUMOylation being critical for its nuclear localization (Yurchenko et al., 2006). XRCC4 

forms a tight complex with DNA ligase IV to facilitate strand ligation (Chiruvella et al., 

2013).  

 

Deficits in DSB repair are suggested in HD, based in part on the observed increased of 

strand breaks  in patient striatum as defined by elevated levels of γH2AX (Enokido et al., 

2010). This may be due to the interaction between Ku70 and HTT in a mutation dependent 

manner, which leads to sequestration of Ku70 in mHTT intranuclear inclusions and 

increased presence of DSBs (Enokido et al., 2010). Overexpression of Ku70 in R6/2 mice 

rescued behavioral deficits and reduced the number of DSB detected in vivo. Therefore, 

inability to repair DSB may contribute to HD pathogenesis. 
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Fanconi Anemia: Another potential consequence of transcription is the formation of 

DNA:RNA hybrids, or R-loops. These are structures that form when the recently 

transcribed RNA transcript anneals to the DNA template leaving the unannealed strand 

vulnerable to additional damage and lead to genome instability if left unresolved (Aguilera 

and Gomez-Gonzalez, 2017; Freudenreich, 2018; Jinks-Robertson and Bhagwat, 2014). 

Both the Fanconi Anemia (FA) and TCR pathways can repair these structures (Garcia-Rubio 

et al., 2015; Sollier et al., 2014). While the FA pathway was canonically defined to resolve 

interstrand crosslinks (ICL) which can form from agents endogenously produced by 

cellular processes such as aldehydes, recent work has characterized its contribution to 

resolving R-loops, indicating  this pathway contributes to preventing transcription-coupled 

genome instability (Okamoto et al., 2019; Schwab et al., 2015). 

 

The initiating component of the ICL-repair FA pathway is lesion sensing by a FANCM-

containing complex followed by ATR-mediated signaling transduction. This initiating factor 

recruits a large core complex with ubiquitin ligase capability (Ceccaldi et al., 2016) which is 

necessary for the monoubiquitination activation of effectors FANCD2 and FANCI to drive 

the FA repair process (Miles et al., 2015). Activated FANCD2 is required for nucleolytic 

incisions near the damage site and recruiting endonucleases necessary for unhooking 

lesions (Klein Douwel et al., 2014; Knipscheer et al., 2009). Another key function of 

monoubiquitinated FANCD2 is the interaction with FAN1, an additional nuclease which is 

critical for locating the lesion, unwinding, and orienting the DNA to promote incisions 

(Zhao et al., 2014). Monoubiquitinated FANCD2 and FANCI are SUMOylated by PIAS1/4 

and subsequently recognized by the STUbL RNF4 and polyubiquitinated resulting in 
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eviction from repair sites (Gibbs-Seymour et al., 2015). After lesions are removed, 

polymerases are recruited to the site to facilitate error prone repair by bypassing the lesion 

and leaving behind possible point mutations, but generating an intact DNA duplex that 

subsequently utilized proteins in the HR repair pathway to mend DNA (Long et al., 2011; 

Prakash et al., 2015). Repair factors from the TCR and mismatch repair (MMR, below) 

pathways are utilized by the FA pathway to repair transcription-associated lesions (Datta 

and Brosh, 2019; Ravikumar et al., 2004; Williams et al., 2011). 

 

The FA pathway was implicated in HD pathogenesis with the identification of the nuclease 

FAN1 as a genetic modifier of HD onset. Two significant single nucleotide polymorphisms 

at the FAN1 locus on chromosome 15 were uncovered using GWAS: one corresponded to 

6.1 years early onset of clinical HD while the other delayed onset by 1.4 years (Bettencourt 

et al., 2016; GeM-HD, 2015). The identification of inversely affecting variants within the 

same genetic modifier suggests that a robust and functional DNA repair mechanism may 

help carry the burden of DNA damage and delay clinical onset of disease. Indeed, FAN1 

stabilizes trinucleotide repeat expansions, including that within HTT (Goold et al., 2019; 

Zhao and Usdin, 2018). Therefore, a robust and accurate repair system serves a protective 

role in post-mitotic cells by maintaining genomic stability. In disease, these pathways may 

be out of balance and suggests that facilitating appropriate repair may be therapeutically 

beneficial. 

 

Mismatch Repair: Mismatch repair (MMR) is utilized to address structural abnormalities 

that arise from misaligned or slipped DNA after replication or transcription. These 
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structures are similar to R-loops which MMR also serves to resolve (Freudenreich, 2018). 

While mismatches can occur during replication, MMR is preferentially used to safeguard 

stability of actively transcribing genes and can utilize TCR components to do so (Huang and 

Li, 2018). Though in the case of repeat-expansions, may inadvertently contribute to 

genome instability (Schmidt and Pearson, 2016). 

 

MMR is initiated with recognition of the mismatch by sensors MutSα or MutSβ, 

heterodimers composed of Msh proteins (Kunkel and Erie, 2005) which then facilitates 

interaction with downstream transducers and effectors including PCNA and Mlh proteins. 

MutLα (Mlh and Pms-containing protein) activates MutH to nick the nascent DNA strand at 

the mismatch (Acharya et al., 2003; Au et al., 1992). Exonuclease Exo1 is recruited as an 

effector to excise the mismatch and allow for DNA polymerases to fill the gap using the 

parental DNA strand as a template (Liberti et al., 2013; Longley et al., 1997; Tishkoff et al., 

1998). DNA ligases then completes repair by ligating the newly synthesized DNA at the nick 

site (Kunkel and Erie, 2005). 

 

In HD, MMR facilitates somatic-repeat expansion within the HTT gene (Schmidt and 

Pearson, 2016). Since expansion of the CAG-repeat in HD-patient cortex serves as a 

predictor of disease onset (Swami et al., 2009) and greater expansion is observed in brain 

regions most overly affected by disease (Telenius et al., 1994) the mechanism of somatic 

repeat expansion has been extensively investigated. Nucleotide repeats are unstable: they 

are prone to slip upon annealing (Pearson et al., 2002), leading to a misalignment that is 

aberrantly targeted by MMR which further contributes to instability. Longer repeat regions 
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lead to larger slip-formed structures and therefore may be more mutagenic (Pearson et al., 

2002) with the probability of slippage increasing in a repeat-length associated manner 

(Pearson et al., 1997). MMR protein Msh2 preferentially binds disease-relevant CAG-repeat 

lengths providing a possible selective function for DDR in promoting trinucleotide 

expansion through inappropriate repair in non-replicating cells (Pearson et al., 1997; 

Shelbourne et al., 2007). 

 

In addition to genetic variants within FAN1 associating with altered AO identified by GWAS, 

a modifier locus within the MMR gene MLH1 also associated with a 0.7-0.9 year 

exacerbation in HD AO (GeM-HD, 2015; Lee et al., 2017). While the functional consequences 

of variants within the MLH1 locus are yet to be defined, earlier GWAS studies in HD mouse 

models had identified Mlh1 as a genetic variant associated with HTT CAG repeat instability 

(Pinto et al., 2013). Identification of genetic variants at the human MLH1 locus therefore 

strengthened the negative association of MMR and disease pathogenesis driven by somatic 

repeat expansion as genetic ablation of Mlh1 in mice stabilizes the HTT CAG (Pinto et al., 

2013). In a separate GWAS study, the variants within the MMR gene MSH3 were associated 

with HD progression in human patients (Moss et al., 2017). An associated MSH3 variant 

corresponded with decreased MSH3 expression, a reduced rate of somatic expansion, 

delayed onset, and slower disease progression (Flower et al., 2019; Moss et al., 2017). 

Several genetic studies in mouse models of HD define how MMR genes might mediate 

somatic repeat expansion. 
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In HD knock-in mice with ~111 repeats, genetic ablation of MMR gene Msh3 (part of the 

MutSβ sensor) prevented striatal somatic repeat expansion of the Htt CAG (Dragileva et al., 

2009). Deletion of MMR gene Msh2 (part of the MutSα sensor) in the same model similarly 

prevented expansion and delayed appearance of intranuclear inclusions (Wheeler et al., 

2003). Removing Msh2 in MSNs specifically yielded similar results, providing evidence that 

aberrant MMR in neurons may be driving the observed outcomes (Kovalenko et al., 2012). 

In addition to slipping, repeat expansions that are GC rich are prone to forming R-loops 

leading to decreased stability. This is observed in HD-associated CAG repeats and MMR 

aberrantly repairs these structures (Freudenreich, 2018).Together these studies highlight 

how some repair pathways may be hijacked in the presence of expanded repeats, leading to 

inappropriate repair and further expansion. This suggests that mediating these repair 

pathways to restore appropriate repair in neurons would be therapeutically beneficial. 

 

It is notable that while many studies implicate DNA repair in mediating genomic instability 

or disease pathogenesis in the brain, less is known about the exact mechanistic 

contributions of repair factors towards the repair process. For example, PIAS isoforms have 

several unique or overlapping roles in DNA damage signaling cascades but due to 

expression profiles, PIAS-specific functionality may be mediated by distinct isoforms in 

different cellular contexts. For instance, PIAS1 is the most abundantly expressed family 

member in the brain and notably in the caudate (Human Protein Atlas) indicating that DNA 

damage pathways in specific brain regions may rely heavily on one PIAS isoform over the 

other. Further, since there have been few studies investigating the contribution of PIAS1 

towards these pathways in non-dividing cells, it is possible that the exact functional 
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components may be tissue specific or recycled between canonically distinct repair 

mechanisms. Therefore, it is important to understand what repair mechanism may be 

being utilized by post-mitotic neurons. Determining how PIAS1 may be contributing to 

maintaining genomic stability in the brain will begin to elucidate these mechanisms. 

 

Consequences of unrepaired DNA towards neuronal viability 

In normal, healthy neurons, repair pathways maintain genomic integrity to allow for 

transcription and function (Figure 2B). Loss of adequate repair or facilitation of 

inappropriate repair can lead to neuronal malfunction and potentially degeneration. 

However, the exact mechanisms contributing towards these potential outcomes remain 

unclear but several possibilities have been proposed (Figure 2C). Neurons with elevated 

damage also have activated caspase-3 suggesting that accrual of DNA damage in neurons 

can lead to an activation of cell-death pathways (Chechlacz et al., 2001). This is likely 

caused by upstream ATM and p53 signaling leading to mitochondrial dysfunction and 

activation of apoptosis (Chong et al., 2000; Gilman et al., 2003; Herzog et al., 1998; Martin 

and Liu, 2002). Therefore, diseased neurons accruing damaged DNA may elicit aberrant 

ATM signaling leading to pro-apoptotic signaling. Supporting this theory, in both HD 

patient neurons and zQ175 mouse cortex and striatum with decreased repair, a 

hyperactivation of ATM and p53-related pathways with accrual of damaged DNA was 

recently observed (Gao et al., 2019). Caspase activation has long been considered a 

contributor or marker of neurodegenerative associated cell death in HD (Wang et al., 

2015). Activation of caspases due to induction of DDR pathways therefore suggests a 

potential direct consequence of damaged DNA in neurons (Figure 2C). 
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Activation of the ATM pathway upon accumulation of DNA damage may also activate the 

cell-cycle in an effort for neurons to manage the detrimental load (Folch et al., 2012). DNA 

damage is closely linked to cell-cycle control. Increased expression of cell-cycle specific 

proteins is documented in multiple neurodegenerative diseases including HD (Chow and 

Herrup, 2015; Fernandez-Fernandez et al., 2011; Pelegri et al., 2008), potentially 

facilitating “re-entry” into the cell-cycle followed by delayed cellular death. Expression of 

these cell-cycle proteins can be induced by DNA damage in the brain (Fielder et al., 2017) 

and may be linked to the observed increased aneuploidy in aging and diseased brains 

indicating active DNA replication in post-mitotic cells (Chow and Herrup, 2015; Fielder et 

al., 2017; Katchanov et al., 2001). Cells attempting to replicate highly damaged DNA are 

then at risk for replication stress, with genomic instabilities being incompatible with 

normal cellular homeostasis resulting in abortive cell death (Yurov et al., 2011). Aberrant 

cell-cycle re-entry triggered by DNA damage in post-mitotic cells would therefore be 

unsustainable and lead to degeneration (Figure 2C). 

 

Alternatively, neurons may be able to prevent cell-cycle re-entry through expression of 

cell-cycle inhibitors even under persistent low-level DNA damage. Therefore, instead of 

abortive cell death, neurons may enter a senescent-like state which allows for prolonged 

survival but may unintentionally promote neuronal malfunction (Fielder et al., 2017). 

Cellular senescence can be induced by persistent DNA damage mediated by ATM, p53 and 

expression of cell-cycle inhibitor p21 by inhibiting p53-mediated apoptosis (Mallette and 

Ferbeyre, 2007; Passos et al., 2010; van Deursen, 2014). Persisting in a senescence-like 

state can lead to downstream mitochondrial and neuronal malfunction by compromising 
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cellular metabolism and synaptic function (Fielder et al., 2017). Additionally, senescing 

neurons trigger the production of pro-inflammatory markers.  A hallmark of senescence is 

the presence of the senescence associated secretory phenotype (SASP) which includes 

production of inflammatory cytokines, such as IL-6, which is mediated by NFkB signaling 

(Fielder et al., 2017; Rodier et al., 2009). This can lead to neuronal malfunction as elevated 

IL-6 results in an imbalance of excitatory and inhibitory synaptic transmission (Wei et al., 

2012). Meanwhile, SASP can signal to neighboring cells and has been suggested to be linked 

to the observed neuroinflammatory profiles of AD and PD (Chinta et al., 2015). It is 

therefore possible that persistent DDR signaling may be intimately linked to 

neuroinflammatory-mediated cell death in the brain by activating microglia (Fielder et al., 

2017). Overall, while entering a senescent state may be initially pro-survival for neurons 

accruing DNA damage, the downstream negative consequences of senescence can 

contribute to neuronal malfunction and ultimately contribute to the observed 

neuropathologies in degenerative diseases (Figure 2C). 

 

SUMMARY 

Huntington’s disease is caused by a CAG-repeat mutant expansion within the HTT gene, 

leading to a plethora of downstream pathologies and molecular dyshomeostasis. 

Accumulation of mHTT conformers associates with disease progression and may in part 

contribute to the observed atrophy in HD patient brains. However, due to the biochemical 

heterogeneity of different conformers such as soluble oligomers and insoluble fibrils, 

preclinical assessments often exhibit variable results. Characterizing the temporal 

formation of each form using a variety of established lysis buffers has not been 
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systematically evaluated in parallel. Establishing a baseline for different mHTT conformers 

would be a valuable resource for researchers interpreting preclinical studies including 

those modulating PIAS1. 

 

The post translational modification SUMO is implicated in HD and PIAS1, serving as a 

SUMO E3 ligase for the HTT protein, may serve as a potential therapeutic target through its 

ability to mediate HD-associated phenotypes including accumulation of insoluble mHTT. 

However, the exact function of PIAS1-associated SUMOylation in the context of HD is 

unknown. SUMO may serve to mediate solubility and aggregation propensity of disease-

associated proteins. 

 

Additionally, SUMO and PIAS1 may be contributing to DDR mechanisms in the brain. 

Deficits or inaccuracies in repair pathways contribute to HD pathogenesis and AO, 

suggesting that imbalances in maintaining genomic stability contribute to 

neurodegenerative disease. In replicating cells, SUMO and PIAS proteins contribute 

towards maintaining genomic homeostasis by mediating DNA damage response pathways. 

Post-mitotic neurons can readily accrue damage, likely as a consequence of active 

transcription and the increased metabolic activity of neurons resulting in ROS production 

(Figure 2). With numerous pathways serving to repair damaged DNA, many have been 

shown to be implicated in HD, driving disease pathogenesis either by contributing to 

somatic repeat expansion or overall genomic instability in the brain. Decreased genomic 

stability can lead to neurodegeneration or neuronal malfunction in several potential ways. 

Hyperactivation of DDR signaling pathways may also lead to further imbalances and 
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contribute to detrimental downstream consequences. Defining a function for PIAS1 in 

neuronal DDR will aid in understanding what repair pathways are contributing to disease 

pathogenesis, and how. 

 

Data provided in my dissertation describes a novel modulatory role for PIAS1 in regulating 

DNA damage repair pathways. This may represent a separate function from contributions 

to accumulation of mHTT, with baseline molecular landscapes driven by either disease 

progression or inflammatory insults dictating the potential outcome of PIAS1 modulation 

in the brain. This also supports a pleotropic role for PIAS1 which should be strongly 

considered for timing and context of clinical intervention. However, my thesis provides 

evidence that PIAS1 is a key component of transcription-coupled DNA damage repair by 

serving as an E3 ligase for the end processing enzyme PNKP. Though the mechanistic 

contribution of PNKP SUMOylation remains to be elucidated, reducing PIAS1 in HD patient 

neurons and HD mouse striata restores PNKP enzymatic activity, normalizes aberrant 

transcription, and may potentially stabilize the CAG-repeat within HTT. This suggests that 

PIAS1-associated repair pathways may be aberrantly activated and out of balance in HD 

with KD serving to restore accurate repair and transcription. Since both protein 

accumulation and perturbed DNA damage repair are implicated in other 

neurodegenerative diseases, data presented here may be applicable to overall degenerative 

mechanisms in the brain. 
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Table 1: SUMO modification in neurodegenerative disease 
 

Neurological 
disorder 

SUMO 
substrate 

Functional 
Consequence Reference(s) 

Huntington’s 
disease 

HTT 
Increased protein 
stability 

(O'Rourke et al., 2013; Steffan et al., 2004) 

Parkinson’s 
disease 

α-synuclein 
Inhibits 
aggregation and 
toxicity 

(Abeywardana and Pratt, 2015; Krumova et al., 
2011; Shahpasandzadeh et al., 2014) 

 
DJ-1 

Promotes 
insolubility 

(Shinbo et al., 2006) 

Alzheimer’s 
disease 

Amyloid-β 
Decreases 
production 

(Takahashi et al., 2008; Yun et al., 2013) 

 
Tau 

Inhibits 
degradation 

(Luo et al., 2014) 

Ischemia Drp1 
Prevents caspase-
mediated cell 
death 

(Guo et al., 2013) 

DRPLA Atrophin-1 
Enhanced 
aggregation 

(Terashima et al., 2002) 

SBMA 
Androgen 
Receptor 

Unknown (Mukherjee et al., 2009) 

SCA -1 Ataxin-1 
Enhanced 
aggregation 

(Ryu et al., 2010) 

 
Ataxin-3 

Increased 
stability, 
Decreased 
aggregation 

(Zhou et al., 2013) 

 
Ataxin-7 

Increased protein 
stability, 
degradation 

(Janer et al., 2010) 

ALS SOD1 
Increased protein 
stability and 
aggregation 

(Fei et al., 2006; Niikura et al., 2014) 

 
EAAT2 

Promotes 
accumulation 

(Foran et al., 2011) 
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Table 2: SUMO modification of neuronal transcription factors 
 

Substrate E3 
SUMO 

isoform 
Pathway 

Function of 
SUMOylation 

Reference(s) 

MEF-2A PIASx SUMO1 
postsynaptic 
differentiation 

Represses 
transcription 

(Shalizi et al., 
2007; Shalizi et 
al., 2006)  

MEF-2A PIAS1 SUMO1, 2 
postsynaptic 
differentiation 

Represses 
transcription 

(Gregoire and 
Yang, 2005; 
Riquelme et al., 
2006),  

MEF-2C PIASxB SUMO1, 2 
Excitatory synapse 
repression 

Represses 
transcription 

(Gregoire and 
Yang, 2005; 
Kang et al., 
2006) 

MEF-2D Unknown SUMO1, 2 
Neuronal 
differentiation 

Represses 
transcription 

(Gregoire and 
Yang, 2005) 

c-Fos PIASxB All 
Transcription 
(proliferation, 
response to stress) 

Represses 
transcription  

(Bossis et al., 
2005) 

c-Jun Unknown SUMO1 Transcription 
reduces 
transactivation 
activity 

(Muller et al., 
2000) 

p53 Unknown SUMO1 Transcription 
impairs apoptotic 
function 

(Muller et al., 
2000) 

MeCP2 Unknown SUMO1 
Transcription for 
Synaptic 
development  

represses 
transcription 

(Cheng et al., 
2014) 

MeCP2 PIAS1 SUMO1 
Transcription for 
Synaptic 
development  

K412 enhances Bdnf 
expression 

(Tai et al., 
2016) 

CREB PIAS1 SUMO1 
Transcription, 
memory formation 

K290 enhances Bdnf 
expression 

(Chen et al., 
2014) 

FOXP2 Unknown SUMO1, 3 
Brain development of 
speech and language 
areas 

Represses 
transcription  

(Meredith et al., 
2016) 

FOXP2 PIAS1 All 
Brain development of 
speech and language 
areas 

No mechanism 
determined 

(Estruch et al., 
2016) 

FOXP2 PIAS3 SUMO1, 2 
Brain development of 
speech and language 
areas 

Promotes neuronal 
maturation 

(Usui et al., 
2017) 
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Table 3, part 1: Synaptic SUMOylation substrates 
 

Substrate E3 
SUMO 

isoform 
Pathway 

Function of 
SUMOylation 

Reference(s) 

GluR6/GluK2 PIAS3  SUMO1 
Post-synaptic 
inhibitory 

Stimulates endocytosis 
of the kainate receptor  

(Chamberlain 
et al., 2012; 

Martin et al., 
2007)  

CASK Unknown SUMO1 

synaptic 
transmembrane 
protein anchoring, 
spine morphology 

Inhibits spine formation 
(Chao et al., 

2008) 

EAAT2  Unknown SUMO1 
synaptic 
glutamate 
clearance 

Intracellular localization 
(decrease in function) 

(Foran et al., 
2014; Gibb et 

al., 2007)  

K2P1 Unknown SUMO1 
potassium 
channel 
modulation 

Silences leak channel 
(Rajan et al., 

2005) 

Kv1.5 
KChAP? 
Unknown 

All 
Voltage-gated 
potassium 
channel 

prevents 
hyperpolarization 

(Benson et al., 
2007) 

Kv2.1 Unknown SUMO1 
Voltage-gated 
potassium 
channel 

Inactivates channel 
(Dai et al., 

2009) 

Kv2.1 Unknown SUMO1 
Voltage-gated 
potassium 
channel 

Increased sensitivity of 
channel 

(Plant et al., 
2011) 

Kv1.1 Unknown 
SUMO1 
SUMO2 

Voltage-gated 
potassium 
channel 

Increased excitability of 
channel 

(Qi et al., 
2014) 

Kv7.2 Unknown SUMO2 
Voltage-gated 
sodium channel 

Increased excitability of 
channel 

(Qi et al., 
2014) 

NaV1.2 Unknown SUMO1 
Voltage-gated 
potassium 
channel 

Increases sodium 
currents 

(Plant et al., 
2016) 

mGluR8b  PIAS1 SUMO1 
Presynaptic 
transmission 

unknown 
(Dutting et al., 

2011) 

mGluR8a PIAS1 SUMO1 
Presynaptic 
transmission 

unknown 
(Tang et al., 

2005) 

mGluR7 Unknown 
SUMO1 
SUMO2 

Presynaptic 
excitatory 
transmission 

unknown, potentially 
receptor recycling 

(Choi et al., 
2016; 

Wilkinson and 
Henley, 2011; 

Wilkinson et 
al., 2008) 
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Table 3, part 2: Synaptic SUMOylation substrates continued 
 

Substrate E3 
SUMO 

isoform 
Pathway 

Function of 
SUMOylation 

Reference(s) 

TβRI  Unknown SUMO1 
transcription 
signaling 

enhances receptor 
function 

(Kang et al., 
2008) 

MEF-2A PIASx SUMO1 
postsynaptic 
differentiation 

Represses 
transcription 

(Shalizi et al., 
2007; Shalizi et 

al., 2006) 

PTB1B PIAS1 SUMO1 

structural 
plasticity through 
regulation of 
phosphorylation 

inhibits activity 
(Dadke et al., 

2007) 

La Unknown 
SUMO1 
SUMO2 

axonal mRNA 
transport 

retrograde transport 
(van Niekerk et 

al., 2007) 

NaV1.2 Unknown SUMO1 
membrane 
depolarization 

increases voltage-
gated sodium current 

(Plant et al., 
2016) 

Syn1 Unknown SUMO1 
Synaptic vesicle 
release 

Increases association 
with synaptic vesicles 

(Tang et al., 
2015) 

Stx1 Unknown SUMO1 
Synaptic vesicle 
release 

Increases interaction 
with SNARE proteins 

(Craig et al., 
2015) 

Syt1 Unknown SUMO1 
Neurotransmitter 
release 

Potentially, decrease 
in synaptic activity 

(Matsuzaki et 
al., 2015) 

RIM1α Unknown SUMO1 
Presynaptic vesicle 
docking 

Vesicle exocytosis 
(Girach et al., 

2013) 

Arc Unknown SUMO1 Synaptic plasticity Unknown 
(Craig et al., 

2012) 

Gephrin PIAS3, 2a 
SUMO1 
SUMO2 

Postsynaptic 
scaffold 

Increase scaffolding 
(Ghosh et al., 

2016) 
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Table 4: DNA damage SUMOylation substrates 
 

Substrate E3 Pathway Function of SUMOylation Reference(s) 

Polη PIAS1 Trans-lesion 
Required for replication at 
forks 

(Despras et al., 2016) 

Ku70 
PIAS1, 
PIASXB 

NHEJ Stabilizes (Yurchenko et al., 2008) 

XRCC4 PIAS1 NHEJ Recruitment to damage sites (Yurchenko et al., 2006) 

XRCC1 TOPORS BER 
Recruits Polb for efficient 
repair 

(Hu et al., 2018) 

HERC2 PIAS4 DSB Stabilization with RNF8 (Danielsen et al., 2012) 

MDC1 PIAS4 DSB 
Removal and Degradation 
from break sites 

(Luo et al., 2012) 

53BP1 PIAS1/4 NHEJ 
Maybe 
Localization/unknown 

(Galanty et al., 2009) 

RNF168 PIAS4 DSB Recruitment to damage sites (Danielsen et al., 2012) 

BRCA1 PIAS1 DSB Enhances Ligase activity (Morris et al., 2009) 

WRN p14 BER, HR, NHEJ Nuclear localization (Woods et al., 2004) 

VCP Unknown DSB 
Localization of VCP to 
cellular compartments 

(Wang et al., 2016) 

MRE11 
Ad5 E4-
ORF3 

DSB Unknown (Sohn and Hearing, 2012) 

NBS1 
Ad5 E4-
ORF3 

DSB Unknown (Sohn and Hearing, 2012) 

CtIP CBX4 HR Promotes HR over NHEJ (Soria-Bretones et al., 2017) 

EXO1 PIAS4 HR Reduces stability (Bologna et al., 2015) 

RPA70 Unknown HR 
Repair foci 
formation/recruitment 

(Dou et al., 2010) 

RAD52 Unknown HR Nuclear Transport (Saito et al., 2010) 

CSB Unknown TCR 
Unknown, maybe STUbL 
signal 

(Sin et al., 2016) 

XPC Unknown NER 
Stabilizes protein, 
Interaction necessary for 
efficient repair and clearance 

(Akita et al., 2015; Wang et 
al., 2005) 

Ataxin3 Unknown TCR 
Autophagy-mediated 
degradation 

(Hwang and Lee, 2017; 
Zhou et al., 2013) 

FANCD2 PIAS1/4 ICL STUbL signal for eviction 
(Gibbs-Seymour et al., 
2015) 

FANCI PIAS1/4 ICL STUbL signal for eviction 
(Gibbs-Seymour et al., 
2015) 
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Table 5: DDR genes associated with neuropathologies 
 

Gene Gene function 
repair 

pathway(s) 
Associated 
disease(s) 

Neuropathology Reference(s) 

CSB 
DNA 
topology/repair 
complex scaffolding 

NER/TCR 
Cockayne 
Syndrome 

micrencephaly, 
neurodegeneration 

(van der Horst 
et al., 1997; 
Weidenheim et 
al., 2009) 

APTX 

End Processing, 
diadenosine 
polyphosphate 
hydrolase 

SSB 
Ataxia with 
Occulomotor 
Apraxia-1 

ataxia, 
neurodegeneration 

(El-Khamisy et 
al., 2009; 
Moreira et al., 
2001) 

ATM 
Serine/threonine 
protein kinase, DNA 
damage sensor 

DSB 
Ataxia-
telangiectasia 

ataxia, 
neurodegeneration 

(Choy and 
Watters, 2018; 
Herzog et al., 
1998) 

ATR 
Serine/threonine 
protein kinase, DNA 
damage sensor 

DSB Seckel syndrome 
microcephaly, 
mental retardation 

(Brown and 
Baltimore, 
2003; 
O'Driscoll et 
al., 2003) 

MRE11 Exonuclease DSB 
Ataxia-
telangiectasia-
like disorder 

ataxia, 
neurodegeneration 

(Sedghi et al., 
2018; Xiao and 
Weaver, 1997) 

LIG4 Ligase DSB LIG4 syndrome microcephaly 

(Altmann and 
Gennery, 
2016; Frank et 
al., 2000)  

TDP1 
End 
Processing/DNA 
Phosphodiesterase 

SSB 

Spinocerebellar 
ataxia with 
axonal 
neuropathy 

ataxia, 
neurodegeneration 

(Katyal et al., 
2007; 
Takashima et 
al., 2002) 

PNKP 

End 
Processing/DNA 5'-
Kinase/3'-
Phosphatase 

BER/TCR AOA, MCSZ Ataxia, Microcephaly 
(Bras et al., 
2015; Shen et 
al., 2010) 

NBN 
DNA damage sensor, 
Response to DSB 

DSB 
Nijmegen 
breakage 
syndrome 

microcephaly 

(Chrzanowska 
et al., 2012; 
Frappart et al., 
2005) 
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CHAPTER 1 

Longitudinal Biochemical Assay Analysis of Mutant Huntingtin Exon 1 Protein in R6/2 Mice 

 

SUMMARY OF CHAPTER 1 

Our previous work has involved assessment of mutant huntingtin (mHTT) aggregated 

intermediates as a readout for altered protein homeostasis in HD.  For instance, we 

evaluated the effect of Pias1 knock-down (KD) in R6/2 mice on the formation of an 

insoluble, accumulated species of mHTT protein, which accumulated in human brain and 

was reduced by Pias1 KD. However, the relevance of modulating this species is unknown as 

the mHTT protein undergoes numerous changes in conformation over time. Further, while 

biochemical analysis of mutant huntingtin (mHTT) aggregation species in HD mice is a 

common measure to track disease, a longitudinal and systematic study of how tissue 

processing affects detection of conformers had not yet been reported. Understanding the 

homeostatic flux of mHTT over time and under different processing conditions would aid in 

interpretation of pre-clinical assessments of disease interventions such as Pias1 KD. 

Therefore, I systematically evaluated tissue lysis methods and biochemical assays in 

parallel with behavioral readouts in R6/2 mice to establish a baseline for HTT exon1 

protein accumulation. This portion of my dissertation explores the formation of the 

insoluble, high-molecular weight (HMW) accumulated mHTT exon 1 protein species that 

was modulated by Pias1 in R6/2 mice. Understanding the accumulation dynamics of this 

species and overall flux of mHTT exon 1 protein conformational changes provided insight 

into the possible functional consequences of reducing HMW mHTT with Pias1 KD. Further, 

I established a toolbox for assessing mHTT conformers for pre-clinical assessments that I 
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could utilize throughout my dissertation and for other investigators in the field. Established 

biochemical methods were utilized to process tissue from R6/2 mice of specific ages 

following behavior tasks to track conformers associated with behavioral deficits. 

Aggregation states and accumulation of mHTT exon 1 protein were evaluated using 

multiple break and assay methods to determine potential conformational flux in detection 

of mHTT species, and tissue specificity of conformers. Detection of mHTT exon 1 protein 

species varied based on biochemical processing and analysis providing a baseline for 

subsequent studies in R6/2 mice. Insoluble, HMW species of mHTT exon 1 protein 

increased and tracked with onset of behavioral impairments in R6/2 mice using multiple 

assay methods. Overall, conformational flux from soluble monomer to insoluble, HMW 

species of mHTT exon 1 protein was generally consistent for multiple assay methods 

throughout R6/2 disease progression.  However, these results have important implications 

for assessing pre-clinical interventions in protein-aggregation associated 

neurodegenerative fields as data reveals inconsistencies between detecting mHTT exon 1 

conformers depending on biochemical processing methods. Use of multiple methods or 

maintaining consistent methods throughout studies is critical.  

 

Portions of Chapter reprinted with permission from IOS Press from publication: 

Morozko E.L., Ochaba J., Hernandez S., Lau A., Sanchez I., Orellana I., Kopan L., Overman J., 

Yeung S., Steffan J.S., Reidling J., and Thompson L.M. ‘Longitudinal Biochemical Assay 

Analysis of Mutant Huntingtin Exon 1 Protein in R6/2 Mice.’ J. Huntingtins Dis., 

November 2018, 7(4):321-335. The publication is available at IOS Press through 

http://dx.doi.org/10.3233/JHD-180329 
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INTRODUCTION 

The CAG-coding polyglutamine repeat (polyQ) expansion within the Huntingtin (HTT) gene 

results in aberrant misfolding, incomplete splicing, proteolysis, and accumulation of the 

mutant huntingtin protein (mHTT), which may contribute to Huntington’s disease (HD) 

pathogenesis (Koyuncu et al., 2017; Sathasivam et al., 2013). Investigations into the 

biological mechanisms underlying HD and identification of pathways that impact disease 

have implicated progressive mHTT accumulation as an indicator of pathogenesis. Accrued 

evidence from multiple studies supports the following. Mutant HTT undergoes 

conformational flux, modification, and processing resulting in increased protein 

fragmentation and accumulation of insoluble aggregate species as the disease progresses 

(Hoffner and Djian, 2014, 2015; Ross et al., 2017). Intranuclear inclusions of aggregated, 

amino-terminal fragments and ubiquitin are one of the hallmarks of HD pathogenesis 

(Davies et al., 1997; DiFiglia et al., 1997) with the degree of aggregation corresponding 

with the stage of disease, likely as a surrogate marker of disease progression and aberrant 

protein homeostasis. Juvenile onset cases of HD, which are caused by longer repeat lengths 

above ~60 polyQs, have an even higher aggregate load (DiFiglia et al., 1997). Aggregates 

accumulate in medium spiny neurons (MSNs) of the striatum and cortex, which are 

significantly impacted by disease, but are notably absent from the cerebellum (DiFiglia et 

al., 1997). However, mHTT undergoes changes in conformation prior to entering the visible 

inclusion phase (Hoffner and Djian, 2014). 

 

Many HD-associated studies have focused on mHTT exon 1 protein (mHTTex1p) due to its 

robust effects on mHTT accumulation and aggregation, and on behavioral and biochemical 
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deficits associated with HD in mice and flies (Mangiarini et al., 1996; Steffan et al., 2001). 

For in vivo studies, the first HD mouse model generated was an amino-terminal human 

exon 1 transgenic mouse (Mangiarini et al., 1996). Recently, the Bates and Housman groups 

showed that incomplete splicing can produce an endogenous, pathogenic mHTTex1p in 

full-length knock-in mouse models and human patient fibroblasts, equivalent to the 

transgene expressed in R6/2 mice (Mangiarini et al., 1996), that may contribute to disease 

progression in HD (Neueder et al., 2017; Sathasivam et al., 2013). The process of 

aggregation is representative of the progressive nature of the disease, beginning from 

soluble monomers, assembly into soluble species such as oligomers and β-sheet fibrils and 

ultimately forming insoluble aggregates and inclusions (Arndt et al., 2015; Hoffner and 

Djian, 2014). Soluble oligomers can go on to form spherical prefibrillar or protofibrilar 

soluble oligomers (Poirier et al., 2002) before maturing into amyloid-like aggregates 

(Scherzinger et al., 1997) and fibrils (Wanker et al., 1999). However, aggregation of mHTT 

and other amyloidgenic disease-associated proteins appears to progress in a non-linear 

path (Arndt et al., 2015; Eisele et al., 2015). 

 

While the precise contribution of aberrant accumulation and aggregation of protein to 

disease pathogenesis is complex, altered proteostasis may serve as a useful surrogate in 

evaluating preclinical efficacy of genetic and pharmacologic interventions on pathologies. 

Therefore, systematic detection of mHTT protein and the overlap with disease phenotypes 

is important for evaluating in vivo perturbations and their impact on disease onset and 

progression. Conformational species of mHTT have been tracked over time previously in 

HdhQ150 mice using uniform processing (Marcellin et al., 2012). However, due to 
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biochemical heterogeneity of mHTT conformers, we suggest that sample processing may 

impact detection of different mHTT species. As a first step in systematically evaluating 

conformational transitions throughout disease progression, we performed a longitudinal 

analysis of tissues from transgenic R6/2 mice expressing human mHTTex1p using a battery 

of biochemical cell lysis methods (Table 1.1) and several specific assays developed over the 

years to detect and resolve mHTT protein species to investigate how they impact detection 

of mHTTex1p. Conformational transitions we measured include soluble oligomeric species 

(Legleiter et al., 2010; Sontag et al., 2012; Weiss et al., 2008), insoluble accumulated species 

(Kim et al., 2011; O'Rourke et al., 2013; Ochaba et al., 2016; Ochaba et al., 2018), and 

insoluble fibrillary species (Wanker et al., 1999). We tracked these species in parallel with 

behavioral phenotypes to provide a baseline to guide studies, and also show that the ability 

to detect specific species and their abundance is influenced by the tissue processing 

techniques employed. 

 

RESULTS 

R6/2 mice exhibit classical behavioral deficits 

A longitudinal assessment of mHTTex1p species and tissue processing methods was 

performed in R6/2 transgenic mice based on their rapid progression of HD modeled 

phenotypes, the formation of detergent-insoluble aggregated species of mHTT and the 

extensive use of this model for preclinical studies (Li et al., 2005). These mice express the 

first exon of human HTT (CAG repeat of ~125) encoding mHTTex1p and show 

reproducible and rapidly progressing motor and metabolic symptoms at 6 weeks of age 

and eventually develop tremors, lack of coordination, excessive weight loss, and early 
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death (~12 weeks). Animals were assessed in behavior tasks and tissue collected for 

biochemical assays at time points of 5, 7, 9 and 11 weeks of age. Behavioral deficits were 

consistent with reported data (Hickey et al., 2005; Mangiarini et al., 1996), allowing direct 

comparison to molecular readouts. R6/2 mice had a significantly decreased latency to fall 

in the Rotarod task compared to non-transgenic controls (NT) at 7, 9, and 11 weeks of age 

(Figure 1.1A; p<0.0001). This latency to fall was progressive over time in R6/2 mice 

(F2,49=5.62, p<0.01). Motor deficits were further characterized by a significantly increased 

time to descend on the pole test task between NT and R6/2 mice at 8 (p<0.001) and 10 

(p<0.01) weeks of age, which represented maximal dysfunction that did not progress 

further in the later time points (Figure 1.1B; F2,51=2.86, p>0.05). At 6, 8, and 10 weeks of 

age, R6/2 mice show significantly impaired forelimb strength as measured by the grip 

strength test compared to NT mice (Figure 1.1C; p<0.0001), progressively worsening over 

time in R6/2 mice (F2,51=10.99, p<0.0001). Additionally, clasping phenotype increased over 

the course of the disease indicating progressive dyskinesia and beginning at week 7, R6/2 

mice show plateaued weight gain as compared to their NT littermates (Figure 1.1D, E; 

Genotype: F1, 272 =70.69, p<0.0001). 
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Figure 1.1: Progressive motor and transcriptional changes as quality control for 
R6/2 mice. A) R6/2 mice have significantly decreased latency to fall compared to non-
transgenic controls (NT) that progressed over time. B) R6/2 mice display progressive and 
significantly increased time to descend on the pole test task through disease progression. 
C) R6/2 mice show significantly impaired forelimb strength as measured by the grip 
strength test compared to NT and progressively worsened over time. D) R6/2 mice show 
plateaued weight gain beginning at week 7 (Genotype: F1, 272 =70.69, p<0.0001). E) Clasping 
deficits increase over the course of the disease. F) Striatal RNA shows significant fold 
change in Darpp-32 (Genotype: F1,16=58.54, p<0.0001) and full length murine Htt 
(Genotype: F1,16=5.22, p<0.05) relative to NT week 5. An increase in the R6/2 Transgene 
(F3,8=4.41, p<0.05) fold change relative to R6/2 week 5 is observed. G) Cortical RNA shows 
significant changes in Darpp-32 (Genotype: F1,16=160.1, p<0.0001) but not Htt (Age: 
F1,16=2.69, p>0.05, Genotype: F1,16=0.02, p>0.05) relative to NT week 5 or R6/2 transgene 
relative to week 5 R6/2 animals (F3,8=0.62, p>0.05). Behavior: n= 36 (week 5); 27 (week 7); 
18 (week 9); 9 (week 11). *P<0.05, **P<0.01, ***P<0.001, values represent means ± SEM. 
Statistical significance of genotypic differences was determined by unpaired, 2-tailed t-test 
for all behavioral analysis. 2-way ANOVA followed by Bonferroni post-hoc test for weight 
comparison. qPCR: n=3 for each gene and timepoint. Statistical analysis was completed 
using 2-way ANOVAs for comparing to NT animals followed by Sidak’s multiple 
comparison’s test and 1-way ANOVAs comparing R6/2 mice at different ages followed by 
Tukey’s multiple comparison test. 
 

For quality control and to assess a molecular readout of disease progression supporting the 

validity of protein fluctuations in our longitudinal cohort of R6/2 animals, qPCR analysis 

was conducted on Ppp1r1b (Darpp-32), known to be dysregulated in R6/2 mice (Bibb et al., 

2000; Luthi-Carter et al., 2000), endogenous murine huntingtin (Htt), and the R6/2 

transgene. Darpp-32 was significantly decreased at all ages in R6/2 mice compared to NT 

littermates in both the striatum (Genotype: F1,16=58.54, p<0.0001) and the cortex 

(Genotype: F1,16=160.1, p<0.0001, Figure 1.1F,G, Figure 1.2A,B) as reported (Bibb et al., 

2000; Luthi-Carter et al., 2000). In the striatum, endogenous Htt increased in R6/2 mice at 

week 11 compared to week 11 NT littermates showing a significant genotype effect 

(F1,16=5.22, p<0.05). A significant increase in R6/2 transgene by week 11 compared to 

week 7 was detected in R6/2 mice (F3,8=4.41, p<0.05, Figure 1.1F, Figure 1.2A). In the 

cortex there was no detectable difference in Htt in R6/2 compared to NT littermates at 
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each age tested (Age: F3,16=2.69, p>0.05, Genotype: F1,16=0.02, p>0.05, Figure 1.1G, Figure 

1.2B). While there was a significant increase in R6/2 transgene between weeks 7 and 11 of 

age in the striatum, there was no significant change in R6/2 transgene in the cortex 

(F3,8=0.62, p>0.05). No genotype-related transcriptional changes were detected for Rplp0, 

which was used as a normalization factor. Further, reverse-transcriptase-negative controls 

showed no significant signal in any sample (data not shown). 

 

Figure 1.2: Delta CT (dCT) values used to analyze transcriptional alterations detected 
by qPCR in R6/2 mice. Delta CT (dCT) values used to analyze transcriptional alterations 
detected by qPCR in R6/2 mice. A) Striatal gene dCT values relative to NT week 5 shows a 
significant progressive increase in full length murine Htt (Genotype: F1,16=5.22, p<0.05) and 
decrease in Darpp-32 (Genotype: F1,16=58.54, p<0.0001). Striatal gene dCT values relative 
to R6/2 week 5 shows a progressive increase of R6/2 Transgene expression (F3,8=4.41, 
p<0.05). B) Cortical gene dCT values relative to NT week 5 shows significant changes in 
Darpp-32 (Genotype: F1,16=160.1, p<0.0001) but not Htt (Age: F1,16=2.69, p>0.05, Genotype: 
F1,16=0.02, p>0.05) or R6/2 transgene relative to week 5 R6/2 animals (F3,8=0.62, p>0.05). 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, values represent mean fold change. n=3 for 
each gene and timepoint. Statistical analysis was completed using 2-way ANOVAs for 
comparing to NT animals followed by Sidak’s multiple comparison’s test and 1-way 
ANOVAs comparing R6/2 mice at different ages followed by Tukey’s multiple comparison 
test. 
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Mutant HTT undergoes conformational flux over time in R6/2 mice 

A standard outcome measure used to measure mHTT flux is the detection of intranuclear 

inclusion bodies by immunohistochemistry using aggregation specific antibodies (e.g. 

EM48, (Gutekunst et al., 1999)), therefore, we evaluated inclusions in the R6/2 mouse 

striatum and cortex over time. R6/2 mice showed a progressive increase in mHTT 

inclusion body formation in both the striatum (F3,8=13.28, p<0.01) and the cortex 

(F3,8=25.42, p<0.001) compared from 5 weeks of age to later time points (Figure 1.3). This 

is consistent with a conformational flux towards insoluble, aggregate species of mHTT 

beginning at the time of overt disease onset. Although striatum shows the most overt 

degeneration at late stages, cortical regions have significantly more inclusion bodies by 9 

and 11 weeks of age compared to the striatum (Region: F1, 16=34.69, p<0.0001, Age: F3, 

16=37.89, p<0.0001), consistent with what has previously been reported (Figure 1.3) 

(Davies et al., 1997). 

 

We have previously described a Soluble/Insoluble Fractionation protocol and Western blot 

analysis to distinguish soluble monomeric and accumulated insoluble mHTT species in late 

stage R6/2 mice (Ochaba et al., 2016; Ochaba et al., 2018). This technique was used for this 

longitudinal analysis of R6/2 mouse tissue and compared to other tissue lysis methods of 

striatum, cortex, hippocampus, cerebellum, and peripheral tissues (liver and skeletal 

muscle) using a HTT antibody that selectively detects human mHTTex1p. 
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Figure 1.3: Progressive mHTT inclusion body formation in cortex and striatum of 
R6/2 mice. A-D) 5-11 week R6/2 mice show progressive inclusion body formation in 
striatum. a'-d’) Corresponding cortical area at 5-11 weeks indicates this site shows early 
and progressive inclusion formation (Striatum: F3,8=13.28, p<0.01, Cortex: F3,8=25.42, 
p<0.001) with more inclusions in the cortex than striatum (Region: F1, 16=34.69, p<0.0001, 
Age: F3, 16=37.89, p<0.0001). mHTT inclusion bodies stained with EM48 (green). Striatal 
tissue marked with DARPP-32 (red) and nuclei of all cells stained with TOPRO3 (blue). All 
images taken from coronal slices at 10x magnification, striatal and cortical images were 
taken from the same slice, quantified by IMARIS software, and analyzed by 1-way ANOVA 
followed by Tukey’s multiple comparison test or 2-way ANOVA followed by Sidak’s 
multiple comparison test. Representative images shown. Scale bar 100 µm. *P<0.05, 
**P<0.01, ***P<0.001, values represent means ± SEM. n=3 for all time points. 
 

Striatum: Following fractionation, the soluble protein fragment of human HTT encoded by 

the transgene in R6/2 mice, mHTTex1p, was detectable as a monomeric protein species in 

the Soluble Fraction, with highest levels at the first time point tested at 5 weeks of age in 

the striatum (Figure 1.4A). Over the disease course the detectable amount of soluble 

mHTTex1p monomer decreased significantly (F3,8=15.51, p<0.01) and appeared to be 
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accompanied by a corresponding increase in the insoluble, HMW species of mHTTex1p, 

potentially reflecting the dynamic shift in mHTTex1p conformation from soluble monomer 

into an insoluble, accumulated species. However, significance was only supported by 1-way 

ANOVA and was not detected following post-hoc analysis (F3,8=4.274, p<0.05, Figure 1.4A). 

The observed fluctuation in size of the detectable monomer is not likely due to a somatic 

expansion in the striatum as the number of repeats present in the transgene was similar in 

the striatum compared to tail genomic DNA (Table 1.2, CAG repeat sizes in tails and 

striatum). Accompanying the apparent increase in insoluble HMW mHTTex1p resolved by 

PAGE and western blotting was an observed increase in insoluble fibrils of mHTTex1p from 

the Insoluble Fraction as detected by a filter retardation assay (Figure 1.4A). To examine 

methods used to process samples then assess levels of mHTTex1p, a series of commonly 

used tissue lysis buffers specific for given assays were tested to compare outcomes (Table 

1.1). An inverse fluctuation from monomeric mHTTex1p towards progressive detection of 

HMW mHTTex1p retained in the top of the gel were detected in striatal samples lysed in 

either T-PER (Monomer: F3,8=5.85, p<0.05, HMW: F3,8=12.12, p<0.01) or RIPA (Monomer: 

F3,8=25.44, p<0.001, HMW: F3,8=4.06, p>0.05) buffers as with the Soluble/Insoluble 

Fractionation (Figure 1.4B, C) and summarized in Table 1.3. TRIzol reagent was also tested 

since it has the advantage of collection of both RNA and protein from processed tissue. 

However, TRIzol reagent showed extensive variability in detection of both soluble 

monomer and HMW species of mHTTex1p compared to other methods, precluding its use 

as an assay for shifts in solubility (Figure 1.5A). 
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Figure 1.4: Detection of mHTTex1p in striatum of R6/2 mice. A) Striatal time-course 
samples were fractionated into Soluble and Insoluble proteins. Insoluble fraction reveals an 
increase in a HMW species of mHTTex1p throughout disease progression (F3,8=4.274, 
p<0.05). Soluble fraction shows an inverse, significantly decreased monomeric form of 
mHTTex1p throughout disease progression (F3,8=15.51, p<0.01). Insoluble aggregates 
detected by filter retardation assay may show a slight increase throughout disease 
progression‡. Striatal tissue samples broken in B) T-PER (Monomer: F3,8=5.85, p<0.05, 
HMW: F3,8=12.12, p<0.01) and C) RIPA (Monomer: F3,8=25.44, p<0.001, HMW: F3,8=4.06, 
p>0.05) reagents show a significant reduction of monomeric mHTex1pT throughout 
disease progression. Fluctuations in soluble, monomeric mHTTex1p correspond to varying 
CAG repeats in R6/2 mice. Western blots quantified by mean pixel value. Soluble fraction 
normalized to actin and analyzed by 1-way ANOVA followed by Tukey’s multiple 
comparison test. *P<0.05, **P<0.01, values represent means ± SEM. n=3 for all time points. 
HTT antibody MAB5492 used to detect mHTTex1p. Panel (A) has been modified with 
permission (Grima et al., 2017). ‡Reprinted from Grima et al., 2017 (Grima et al., 2017) with 
permission from Elsevier. 
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Figure 1.5: Detection of mHTTex1p is highly variable using TRIzol reagent. A) Striatal 
and C) Cortical protein samples recovered from TRIzol preparations show highly variable 
detection of both soluble monomeric and soluble HMW mHTTex1p as analyzed by PAGE 
and western blot. AGE analysis of B) Striatal and samples show a significant change in 
oligomer levels (F3,8=16.02, p<0.001) while D) Cortical samples do not (F3,8=0.95, p>0.05).   
Western blots quantified by mean pixel value and normalized to actin. AGE blots were 
quantified by mean pixel value. Data analyzed by 1-way ANOVA followed by Tukey’s 
multiple comparison test. *P<0.05, **P<0.01, values represent means ± SEM. n=3 for all 
time points. HTT antibody MAB5492 used to detect mHTTex1p. 
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Cortex: Cortical tissue samples were processed using the same methods in parallel and 

samples showed a similar dynamic shift from soluble, monomeric mHTTex1p to HWM 

mHTTex1p as observed in the striatum (Table 1.3, Figure 1.6). Insoluble, HWM mHTTex1p 

significantly increased (F3,8=9.88, p<0.01), while soluble, monomeric mHTTex1p 

significantly decreased (F3,8=8.78, p<0.01, Figure 1.6A). This shift was also accompanied by 

an observed increase in insoluble fibrils from the Insoluble Fraction similar to striatal 

samples (Figure 1.6A). T-PER-processed samples showed significant reduction in 

monomeric mHTTex1p and increase in HMW mHTTex1p (Monomer: F3,8=10.91, p<0.01, 

HMW: F3,8=8.42, p<0.01, Figure 1.6B), similarly seen in RIPA-processed samples 

(Monomer: F3,8=7.21, p<0.05, HMW: F3,8=10.85, p<0.01, Figure 1.6C). Extensive variability 

in TRIzol-processed samples was again observed (Figure 1.5C). 
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Figure 1.6: Detection of mHTTex1p in cortex of R6/2 mice. A) Cortical time-course 
samples were fractionated into Soluble and Insoluble proteins. Insoluble fraction reveals a 
significant increase in a HMW species of mHTT throughout disease progression (F3,8=9.88, 
p<0.01). Soluble fraction shows an inverse, significantly decreased monomeric form of 
mHTTex1p throughout disease progression (F3,8=8.78, p<0.01). Insoluble aggregates 
detected by filter retardation assay show no apparent change. Cortical tissue samples 
broken in B) T-PER (Monomer: F3,8=10.91, p<0.01, HMW: F3,8=8.42, p<0.01) and C) RIPA 
(Monomer: F3,8=7.21, p<0.05, HMW: F3,8=10.85, p<0.01) reagents show a significant 
reduction of monomeric mHTTex1p throughout disease progression accompanied by a 
significant increase in HMW mHTTex1p detected in the soluble fraction. Fluctuations in 
soluble, monomeric mHTTex1p correspond to varying CAG repeats in R6/2 mice. Western 
blots quantified by mean pixel value. Soluble fraction normalized to actin and analyzed by 
1-way ANOVA followed by Tukey’s multiple comparison test. *P<0.05, **P<0.01, values 
represent means ± SEM. n=3 for all time points. HTT antibody MAB5492 used to detect 
mHTTex1p. 
 

Hippocampus and Cerebellum: The dynamic shift between soluble monomer and insoluble 

HMW mHTTex1p was observed in the hippocampus following Soluble/Insoluble 

Fractionation, showing significant conformational flux (Monomer: F3,8=142.2, p<0.0001, 

HMW: F3,8=21.05, p<0.001; Table 1.3, Figure 1.7A). R6/2 mice have been previously 

reported to have deficits in spatial learning (Lione et al., 1999), a hippocampal-dependent 

process, as well as decreased hippocampal volume (Rattray et al., 2013) and spine density 

(Bulley et al., 2012), suggesting that this insoluble, HMW mHTTex1p protein could 

correlate with observed deficits in these animals. This shift, however, was not detected in 

tissue samples processed in T-PER reagent, showing no decrease in monomeric mHTTex1p 

(Monomer: F3,8=0.13, p>0.05) but an increase in the unresolved, HMW accumulated 

mHTTex1p species (F3,8=5.41, p<0.05, Figure 1.7B). Insoluble, HMW mHTTex1p in the 

cerebellum significantly increased (F3,8=29.11, p<0.0001), but the Soluble Fraction did not 

show significant soluble monomer flux throughout disease progression (F3,8= 2.51, p>0.05), 

indicating that mHTTex1p may be sequestered into a different form or aggregate species in 

the cerebellum and may provide insight into tissue specificity and vulnerability in HD 
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(Table 1.3, Figure 1.7C). Cerebellar tissue samples broken in T-PER reagent, however, 

showed a significant increase in accumulated mHTTex1p (F3,8=6.32, p<0.05) and a 

corresponding decrease in soluble monomer (F3,8=4.25, p<0.05, Figure 1.7D). These results 

suggest that while accumulated HMW mHTTex1p tracks with disease pathogenesis and 

may serve as a robust measure of disease progression, additional methods to detect 

additional species of mHTT or levels of full-length endogenous HTT may be necessary to 

investigate tissue specific vulnerabilities or normal HTT levels (Franich et al., 2018). 
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Figure 1.7: Detection of mHTTex1p in hippocampus and cerebellum of R6/2 mice 
varies depending on break method. Insoluble fraction in A) hippocampus reveals a 
significant increase in a HMW species of mHTTex1p throughout disease progression 
(F3,8=21.05, p<0.001). Soluble fraction shows an inverse, significantly decreased 
monomeric form of mHTTex1p throughout disease progression (F3,8=142.2, p<0.0001). B) 
T-PER processed hippocampal tissue samples did not show decrease in soluble monomeric 
mHTTex1p (F3,8=0.13, p>0.05) or HMW accumulated mHTTex1p (F3,8=5.41, p<0.05). 
Insoluble fraction in C) cerebellum reveals a significant increase in HMW species of 
mHTTex1p throughout disease progression (F3,8=29.11, p<0.0001). Soluble fraction did not 
detect a significant decreased monomeric form of mHTTex1p (F3,8= 2.51, p>0.05). 
However, soluble monomeric mHTTex1p decrease was detected in D) T-PER processed 
cerebellar tissue samples (HMW: F3,8=6.32, p<0.05, Monomer: F3,8=4.25, p<0.05). 
Fluctuations in soluble, monomeric mHTTex1p correspond to varying CAG repeats in R6/2 
mice. Western blots quantified by mean pixel value. Soluble fraction normalized to actin 
and analyzed by 1-way ANOVA followed by Tukey’s multiple comparison test. *P<0.05, 
**P<0.01, values represent means ± SEM. n=3 for all time points. HTT antibody MAB5492 
used to detect mHTTex1p. 
 
 
Liver and Skeletal Muscle: We also evaluated liver and skeletal muscle samples for 

accumulation of HMW mHTTex1p in comparison to the brain tissue results. Liver samples 

show significant accumulation of insoluble, HMW mHTTex1p (F3,8=83.34, p<0.0001). The 

soluble monomer, however, was not detectable using Soluble/Insoluble Fractionation 

(Figure 1.8A, data not shown). Significant accumulation of HMW mHTTex1p was detected 

in samples broken in T-PER reagent (F3,8=12.79, p<0.01) and interestingly, soluble 

monomeric mHTTex1p was also detectable in liver samples broken in T-PER reagent but 

no change in protein abundance during disease progression was detected with this break 

method (F3,8=2.95, p>0.05, Figure 1.8B). Like liver, significant accumulation of insoluble, 

HMW mHTTex1p was detectable in skeletal muscle only using Soluble/Insoluble 

Fractionation (F3,8=7.53, p<0.05). No soluble monomer of mHTTex1p was detectable in 

skeletal muscle broken with either Soluble/Insoluble Fractionation or T-PER reagent. 

HMW mHTTex1p was not detected in T-PER (Figure 1.8C, data not shown). 
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Oligomeric mHTT detection varies based on tissue processing 

Agarose Gel Electrophoresis (AGE) has been used to resolve soluble, oligomeric species of 

mHTT in RIPA buffer as described (Sontag et al., 2012; Weiss et al., 2008). Tissue samples 

from striatum and cortex that were lysed using methods as above (Table 1.1) were also 

analyzed using AGE to compare how biochemical processing affected detection of mHTT 

species resolved by AGE. Detection of oligomeric mHTTex1p species on AGE gels 

throughout the course of the disease in R6/2 mice varied greatly depending on break 

method as summarized in Table 1.3 (Figure 1.9). Striatal tissue samples from R6/2 mice 

broken in RIPA buffer showed an increase in oligomeric mHTTex1p through week 9 

followed by a significant decrease by week 11 (F3,8=27.21, p<0.001). However, R6/2 

striatal samples showed increased oligomeric mHTTex1p through week 11 in both 

Insoluble (F3,8=27.31, p<0.001) and Soluble (F3,8=7.30, p<0.05) Fractions, and samples 

broken in T-PER (F3,8=24.70, p<0.001, Figure 1.9A), and TRIzol (F3,8=16.02, p<0.001, Figure 

1.5B). Cortical tissue samples broken using identical methods more consistently showed a 

significant increase in oligomer formation (RIPA: F3,8=19.56, p<0.001, Insoluble: F3,8=29.95, 

p<0.001, T-PER: F3,8=109.3, p<0.0001, Figure 1.9B) with the exception of the Soluble 

Fraction (F3,8=2.291, p>0.05) and of TRIzol samples (F3,8=0.95, p>0.05, Figure 1.5D) which 

showed no significant accumulation of mHTTex1p oligomers. Therefore, the variability in 

detectable oligomeric mHTTex1p among tissue processing methods is an important 

consideration when analyzing data in preclinical studies. 
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Figure 1.8: Detection of mHTTex1p in peripheral tissue varies depending on break 
method. A) Insoluble HMW mHTTex1p increases significantly throughout disease 
progression in Liver (F3,8=83.34, p<0.0001) but Soluble, monomeric mHTTex1p is not 
detectable. B) Liver tissue broken in T-PER resolves soluble monomer revealing no change 
in detectable protein abundance (F3,8=2.95, p>0.05) while HMW mHTTex1p showed a 
significant increase (F3,8=12.79, p<0.01). C) Skeletal muscle also reveals a significant 
increase in insoluble HMW mHTTex1p (F3,8=7.53, p<0.05). Soluble monomer is not 
detected in either Soluble/Insoluble fractionated samples. Western blots quantified by 
mean pixel value. Soluble fraction normalized to actin (liver) or GAPDH (Skeletal Muscle) 
and analyzed by 1-way ANOVA followed by Tukey’s multiple comparison test. *P<0.05, 
**P<0.01, values represent means ± SEM. n=3 for all time points. HTT antibody MAB5492 
used to detect mHTTex1p. 
 

DISCUSSION 

Proteostasis in HD is perturbed by the expression of mHTT, shifting homeostatic balance 

and associated downstream cascades. Molecular and biochemical readouts such as 

aberrant mHTT accumulation and transcriptional alterations can be correlated to 

behavioral phenotypes in an effort to track disease modification. Our longitudinal cohort of 
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R6/2 mice exhibited behavioral phenotypes as previously reported (Figure 1.1, (Bibb et al., 

2000; Hickey et al., 2005; Luthi-Carter et al., 2000; Mangiarini et al., 1996)), allowing for a 

systematic comparison of changes in mHTTex1p conformations using selected cell lysis and 

biochemical assays in an HD model over time. 

 

Figure 1.9: Detection of mHTTex1p on AGE gels varies based by break method. A) 
Striatal tissue samples broken in indicated buffers and analyzed by Agarose Gel 
Electrophoresis (AGE). R6/2 mice show an increase in oligomeric mHTTex1p through week 
9 followed by a significant decrease by week 11 in RIPA broken samples (F3,8=27.21, 
p<0.001). Increased, disease-endpoint mHTTex1p detected in Insoluble (F3,8=27.31, 
p<0.001), Soluble (F3,8=7.30, p<0.05), and T-PER (F3,8=24.70, p<0.001) broken samples 
showed a significant increase by week 7, followed by a decrease in week 9 before increased 
again by week 11. B) Cortical samples broken in RIPA buffer (F3,8=19.56, p<0.001), 
Insoluble (F3,8=29.95, p<0.001) and Soluble fractionation (F3,8=2.291, p>0.05), and T-PER 
buffer (F3,8=109.3, p<0.0001) show either no change or significant increase in formation of 
oligomers by week 11. AGE blots were quantified by mean pixel value and analyzed by 1-
way ANOVA followed by Tukey’s multiple comparison test. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 values represent means ± SEM. n=3 for all time points. HTT antibody 
MAB5492 used to detect mHTTex1p. 
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At the level of transcription, expression of Darpp-32 (Bibb et al., 2000; Luthi-Carter et al., 

2000) was decreased in R6/2 mice as expected, thus providing a reliable molecular quality 

control marker (Figure 1.1, Figure 1.2). While previously reported that transgene 

expression was within range of the endogenous murine gene in R6/2 mice (Mangiarini et 

al., 1996), there was a moderate increase in the levels of endogenous Htt transcript in R6/2 

mice in this study by 11 weeks of age in the striatum compared to age-matched NT 

controls, perhaps indicating an upregulation to compensate for transgene genotoxic stress 

or for the declining wild-type endogenous HTT protein levels we observed in HD knock-in 

mice during aging (Franich et al., 2018). Intriguingly, this increase also extended to 

expression of the R6/2 transgene in striatum, potentially reflecting compensatory 

upregulation of Htt given that the transgene is expressed from the human Htt promoter 

(Mangiarini et al., 1996). The upregulation of the transgene and of endogenous Htt was not 

observed in cortex, potentially reflecting some aspect of tissue specificity. Thus, when 

making assessments of protein levels, differential transcription may be considered in 

addition to changes in protein clearance mechanisms, such that the observed increase in 

R6/2 transgene expression in the striatum could also contribute to the detected increase in 

accumulated species of mHTTex1p. 

 

Given that mHTT conformations have different biochemical properties, it is important to 

evaluate how tissue processing and analytical technique impact detection of conformers, 

and we assessed this in vivo assaying mHTTex1p from transgenic R6/2 HD mice. We first 

sought to resolve soluble and insoluble species of mHTTex1p in different brain regions and 

peripheral tissues. Accumulation of insoluble, HMW mHTTex1p resolved from the 
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Insoluble Fraction was consistently detected in every tissue tested (Table 1.3, Figure 1.7, 

1.8), and the appearance of the insoluble mHTTex1p accumulation tracked with onset of 

disease phenotypes. In striatum, cortex, and hippocampus, this increase was accompanied 

with a progressive decrease in the soluble mHTTex1p monomer associated with the 

transgene. The decrease in soluble mHTTex1p and corresponding increase in insoluble 

HMW species of mHTTex1p, tracking with disease progression, suggests that preventing 

this flux through therapeutic modulation may be therapeutically beneficial. Supporting this, 

our previous data showed that modulation of the insoluble, HMW species by reduction of 

the E3 SUMO ligase, Protein Inhibitor of Activated Stat 1 (PIAS1) in the striatum of R6/2  

 

mice corresponded with beneficial behavioral and molecular alterations (Ochaba et al., 

2016) and treatment with a compound that corresponds with worsened behavioral 

phenotypes, JQ1, increased levels of this insoluble, HMW specifies (unpublished results, 

Thompson). However, while this insoluble, HMW species tracked with disease progression 

and observed behavioral deficits, it did not provide insight into tissue specificity involved 

in disease pathogenesis. Therefore, this species may serve as a reliable readout for 

molecular progression of disease but not of tissue-specific vulnerabilities. An alternative 

methodology to further define levels of HTT species recently reported that levels of full-

length mHTT protein do not decline robustly in cerebellum with aging, unlike in cortex and 

striatum, in two homozygous knock-in models, highlighting the importance of tracking 

multiple full-length and protein fragment species of both HTT and mHTT (Franich et al., 

2018). 
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While accumulation of insoluble, HMW mHTTex1p was detectable in peripheral tissue 

(skeletal muscle and liver), Soluble/Insoluble Fractionation was unable to resolve the 

soluble, monomeric transgene protein product (Figure 1.8). This could indicate an 

accelerated or differential aggregation pathway or preferential clearance of the monomer 

in peripheral tissue. Being able to accurately detect mHTT conformers would aid in 

establishing tissue intrinsic differences. 

 

Whole-cell lysis techniques, such as RIPA and T-PER reported here, were able to resolve 

soluble monomeric mHTTex1p albeit with variability compared to other techniques used 

(Table 1.3). Interestingly, a HMW mHTTex1p species from whole-cell tissue processing 

methods was retained at the top of the gel when analyzed by PAGE and Western blot. It is 

possible that this HMW species contains both soluble and insoluble proteins and multiple 

mHTTex1p conformers and therefore cannot be directly compared to the insoluble, HMW 

mHTTex1p detected in the Insoluble Fraction that resolves in low-percentage PAGE gels. 

However, the whole-cell lysis HMW species reliably increased in some brain regions 

broken in both RIPA and T-PER buffers and therefore may also serve as a readout for 

molecular progression of disease. 

 

Soluble oligomeric mHTT was previously shown to be detectable at an early age in 

HdhQ150 mice. Levels of this soluble species, detected by size exclusion chromatography, 

diminished over time and corresponded with an increase in intranuclear inclusion 

formation (Marcellin et al., 2012). Though our findings present a similar trend, detection of 

an earlier oligomeric species of mHTTex1p is dependent on tissue processing (Table 1.3, 
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Figure 1.5B, D, Figure 1.9). Alternatively, due to the heterogeneity of oligomeric mHTT 

(Hoffner and Djian, 2014), certain biochemical processing methods may favor one soluble 

species over the other. Conformation-specific antibodies facilitate studies of various mHTT 

species and their association with pathogenesis (e.g. 3B5H10 (Miller et al., 2011), 1C2 

(Trottier et al., 1995), MW8 (Ko et al., 2001), EM48 (Gutekunst et al., 1999)). Therefore, 

future in depth analysis using conformer specific antibodies may provide further insight 

(Legleiter et al., 2009). 

 

Taken together, the data presented here is consistent with the dynamic shift of the soluble 

mHTT transgene protein product in R6/2 mice to an insoluble, HMW accumulated 

mHTTex1p species accompanied by a change in oligomeric mHTTex1p over the time 

course of the disease. Significantly, protein processing methods influence the detection and 

temporal effects. Protein processed in TRIzol reagent yielded the greatest amount of 

variation between assays for detecting different species of mHTTex1p (Figure 1.5), 

precluding its use in these studies. However, TRIzol may be useful in detection of non-

aggregating proteins to enable parallel protein and RNA processing. 

 

The shift to insoluble, HMW and aggregated mHTTex1p from soluble monomer is 

associated with increasing behavioral dysfunction compared to NT mice and represents a 

robust protein assay to track disease progression in R6/2 mice. Understanding the 

outcomes of standard protein homeostasis assays to assess mHTTex1p flux in R6/2 mice 

provides a baseline for cross comparisons of preclinical interventions. It will be beneficial 

to conduct similar assessments of mHTTex1p flux in brain expressing full-length mutant 
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HTT, given that mHTTex1p is expressed in knock-in HD mouse models and in patient brain 

(Neueder et al., 2017; Sathasivam et al., 2013), and may be relevant to the onset of HD 

pathogenesis. A recent report showed a decrease in soluble mHTTex1p monomer in the 

zQ175 HD knock-in mouse model over time (Neueder et al., 2017), suggesting that 

detecting this species as well as the insoluble, mHTTex1p species may be powerful cross-

model molecular correlates. Indeed, in the assays here, decreasing monomeric mHTTex1p 

from fractionation of striatal tissue or breaking in RIPA appeared qualitatively to track 

most closely with the progression of phenotypes in the R6/2 mice. We have previously 

published a decrease in full-length HTT with age in striatum and cortex of two HD 

homozygous knock-in models and in wild-type controls, which may reflect a loss of full-

length HTT protein function over time (Franich et al., 2018). Due to the dynamic shift 

between mHTTex1p conformations throughout the course of the disease we propose using 

multiple and consistent, optimized biochemical analyses, potentially in combination with 

high context histological approaches as described for knock-in zQ175 mice (Carty et al., 

2015) to determine the impact of potential therapeutics on the protein flux of both 

mHTTex1p and full-length HTT protein. 

 

EXPERIMENTAL PROCEDURES  

Animals 

R6/2 mice were obtained from Jackson Laboratories at 5 weeks of age and allowed to age 

to 7, 9, or 11 weeks. CAG repeat sizing of genomic DNA harvested from tails was performed 

by Laragen. Experiments were carried out in strict accordance with the Guide for the Care 

and Use of Laboratory Animals of the NIH and an approved animal research protocol by the 
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Institutional Animal Care and Use Committee (IACUC) at the University of California, Irvine. 

Animals were humanely euthanized by an injection of Euthasol at age 5, 7, 9 or 11 weeks 

followed by cardiac perfusion with PBS then decapitation. Brain and peripheral tissues 

used for biochemical assessment were flash-frozen on dry ice and stored at -80°C until 

further use. Brain tissue used for immunofluorescence was drop fixed in 4% 

paraformaldehyde for 48 hours then protected in 30% sucrose with 0.02% sodium azide. 

 

Behavioral Paradigms: Motor deficits were assessed in pole test, rotarod, and grip strength 

assays as previously described (Ochaba et al., 2016). For pole test, mice were tested at 6, 8, 

and 10 weeks of age for their ability to descend a vertical pole (1 cm in diameter, 60 cm 

high) by recording and averaging time to descend over four trials for analysis. Rotarod was 

carried out using an accelerating apparatus (Dual Species Economex Rota-Rod; 0207-

003M; Columbus Instruments) at 7, 9, and 11 weeks of age. Animals were trained on 

Rotarod for 5 minutes on day 1 and tested the following day by an accelerating assay 

recording and averaging time to fall for three, 5-minute trials test day. 

 

Grip strength was assessed 6, 8, and 10 weeks of age to measure forelimb strength using a 

meshed force gauge which retained the peak force applied (IITC Life Science instrument, 

Woodland Hills, CA) and averaging the top 4 strongest pulls of 5 trials in grams of force 

applied to the meter. Dyskinesia was assessed by recording percent of animals clasping 

from weeks 5-11 as described previously (Mangiarini et al., 1996) and body weights were 

recorded at the same time daily from weeks 5-11. 
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Immunohistochemistry and Quantitation 

Post-fixed brains were processed as 40 µm sections, used for immunohistochemistry and 

imaged by confocal microscopy. The following primary antibodies were used: anti-HTT 

mEM48 (Millipore MAB5374) and anti-DARPP-32 (Santa Cruz SC-11365). Following 

antibody incubation, nuclei of slices were stained with TO-PROTM-3 iodide nuclear stain 

(Thermo Fisher T3605) and mounted onto microscope slides using Fluoromount-G 

(SouthernBiotech 0100-01). A LeicaDM2500 confocal microscope was used to acquire 

images. Six representative sections were used per animal. Two comparable z-stack images 

per section were acquired at 40x and used for quantification. EM48-positive puncta were 

automatically counted using Imaris Bitplane 5.0 spots setting with a diameter threshold of 

0.5 µm and consistent threshold between samples. 

 

Tissue Lysis 

Flash frozen brain and peripheral mouse tissue were lysed by douncing 30 times in a glass 

2 mL vial. Soluble and Insoluble Fractionation was performed on tissue samples in lysis 

buffer containing 10 mM Tris (pH 7.4), 1% Triton X-100, 150 mM NaCl, 10% glycerol, and 

0.2 mM PMSF, and supplemented with protease inhibitors and NEM as previously 

described (O'Rourke et al., 2013; Ochaba et al., 2016; Ochaba et al., 2018). Samples were 

lysed for 60 minutes on ice followed by a 20-minute centrifugation at 15,000 xg at 4°C. 

Supernatant served as Soluble Fraction and pellet was washed twice with lysis buffer 

before being re-suspended in lysis buffer supplemented to 4% SDS and served as the 

Insoluble Fraction. Insoluble samples were sonicated for 30 seconds at 40% amplitude and 

boiled for 30 minutes. Protein fractions were quantified using Lowry protein assay (Bio-
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Rad). Whole cell tissue lysis was performed in T-PER or RIPA buffers supplemented with 

protease inhibitors protease inhibitors (Complete Mini, Roche Applied Science), 0.1 mM 

PMSF, 25 mM NEM, 1.5 mM aprotinin, and 23.4 mM leupeptin by douncing as above then 

sonicated for 10 seconds, 3 times at 40% amplitude on ice. T-PER samples were quantified 

using Bradford protein assay and RIPA samples were analyzed using Lowry protein assay. 

Protein fraction from tissue samples processed using TRIzolTM (Thermo Fisher A33251) 

reagent was prepared according to manufacturer’s protocol to solubilize organic protein 

phase and analyzed by Bradford protein assay. 

 

Western Blot analysis 

Soluble Fractions, T-PER, and RIPA lysates were resolved by reducing and running 30µg of 

protein on 4-12% Bis-Tris Poly-Acrylamide gels (PAGE) at 150V and transferred onto 

0.45µM nitrocellulose membrane. 30µg of reduced, insoluble protein from Insoluble 

Fractions were resolved on 3-8% Tris-Acetate Poly-Acrylamide gels run at 150V and 

transferred onto 0.45µM nitrocellulose membrane. Membranes were blocked in Starting 

block (Invitrogen) for 20 minutes at room temperature and probed in primary antibody 

overnight at 4°C. The following primary antibodies were used: anti-HTT (Millipore 

MAB5492) to detect HTTex1p, anti-actin (Sigma A5060), and anti-GAPDH (Novus 

Biologicals NB100-56875). Western blot data was quantified by determining the mean 

pixel intensity using Scion Image processing software. Soluble Fractions, T-PER, and RIPA 

lysates were normalized to house-keeping protein loading control (GAPDH or Actin) prior 

to statistical analysis. Insoluble protein was quantified as relative protein abundance as 

previous (Ochaba et al., 2016; Ochaba et al., 2018). 
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Agarose Gel Electrophoresis analysis 

Oligomeric species of mHTTex1p were detected using Agarose Gel Electrophoresis (AGE) 

as previously described (Sontag et al., 2012) using a 1%, 375mM Tris-HCl, pH 8.8, 1% SDS 

agarose gel. 30µg of protein was suspended in a non-reducing loading buffer (4x, 300 mM 

Tris-HCl pH 6.8, 66% glycerol, 2.4%SDS with BPB) and loaded onto an agarose gel without 

boiling. Samples were run in a 192 mM glycine, 24.8 mM Tris base, 0.1% SDS running 

buffer and transferred using an Invitrogen Novex Semi-Dry blotter onto 0.45 µm PVDF 

membrane at 10V for 1 hour. Membranes were blocked in starting block (Invitrogen) for 1 

hour at room temp and probed with primary antibody overnight at 4°C. mHTTex1p was 

detected using anti-HTT (Millipore MAB5492) antibody. AGE data was quantified by 

determining the mean pixel intensity using Scion Image processing software as a relative 

protein abundance. 

 

Filter Retardation assay 

Insoluble fibrils of mHTTex1p were detected using a filter retardation assay (Wanker et al., 

1999) with modifications. 30µg of insoluble samples obtained from Soluble/Insoluble 

Fractionation were suspended in 200 µl of 0.1% SDS, boiled for 5 minutes, loaded on to a 

dot blot apparatus (BioRad), and blotted onto 0.2 µm Cellulose Acetate membrane. 

Membrane was blocked for 1 hour at room temperature in 5% milk in TBST. Fibrils were 

detected with anti-HTT antibody (Enzo PW0595). 
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RNA Isolation and Real-Time qPCR 

Flash frozen brain regions harvested from R6/2 longitudinal animals were homogenized in 

TRIzolTM (Thermo Fisher A33251) and RNA was collected using manufacturer’s procedures 

then purified using RNEasy Mini kit (QIAGEN). Residual DNA was removed by DNase 

treatment incorporated into RNEasy protocol as per manufacturer’s suggestion. Following 

RNA isolation, reverse transcription was performed using SuperScript 3 First-strand 

synthesis system according to manufacturer’s protocol (Invitrogen). Both oligo (dT) and 

random hexamer primers were used in a 1:1 ratio with a total of 1 µg RNA per sample. 

Final synthesized cDNA was diluted 1:10 in DEPC treated water and stored at -20°C until 

use. The following primers were used to amplify and detect cDNA from transcripts: full-

length Htt (F: GCAGGG-AAAGAGCTTGAGACAC, R: CCTCATTCTCCTTGTGGCACTG), R6/2 

transgene (F: CCGCTCAGGTTCTGCTTTTA, R: TGGAGGGACTTGAGGGACTC), Darpp-

32/Ppp1r1b (F: TCTCAGAGCACTCCTCACCAGA, R: CACTCAAGTTGCTAATGGTCTGC), Rplp0 

(F: GCTTCGTGTTCACCAAGGAGGA, R: GTCCTAGACCAGTGTTCTGAGC). 

 

Statistical analysis 

All data represented as mean ± SEM with a p value of p<0.05 considered statistically 

significant. Analyses were completed in GraphPad Prism software. Student’s two-tailed t-

tests, assuming equal variance were performed for behavioral comparisons at designated 

time points between non-transgenic (NT) and R6/2 mice. Behavioral comparisons between 

R6/2 animals over time were completed by performing a 1-way ANOVA. Densitrometry 

and aggregate count from EM48 positive immunolabeling studies were analyzed by 

performing a 1-way ANOVA to assess changes overtime or 2-way ANOVA to compare 
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between brain regions. Pixel intensity values were obtained from western blots and 

subjected to 1-way ANOVA to assess changes in protein quantify overtime in R6/2 mice. 

Statistical analysis was completed on the delta CT (dCT) values obtained from qPCR 

reactions normalized to Rplp0. When comparing relative to NT week 5, a 2-way ANOVA 

was used to assess changes in genotype and time. When comparing between R6/2 mice 

only, a 1-way ANOVA was used to assess changes over time in transcription. All 1-way 

ANOVAs were followed by Tukey’s multiple comparisons test. All 2-way ANOVAs were 

followed by Sidak’s multiple comparisons test. 
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Table 1.1: Break methods optimized for detection of specific mHTT species. 

Break Method Optimized 
detection/rationale 

Optimized 
Assay 

Reference 

Soluble/Insoluble 
fractionation 

Soluble monomeric mHTT 
Insoluble HMW, 
accumulated mHTT 

SDS-PAGE 
Filter 
retardation 

(Kim et al., 2011; 
O'Rourke et al., 2013; 
Ochaba et al., 2016; 
Ochaba et al., 2018) 

RIPA whole cell 
break 

Soluble, Oligomeric mHTT AGE (Legleiter et al., 2010; 
Sontag et al., 2012; 
Weiss et al., 2008) 

T-PER whole cell 
break 

Aggregated protein species, 
commercially available and 
common reagent 

SDS-PAGE (Chabrier et al., 
2014) 

TRIZOL Allows for analysis of RNA, 
DNA, and protein 

SDS-PAGE n/a 
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Table 1.2: mHTTex1p size fluctuation due to CAG repeat length. 

Animal Age (weeks) (CAG)n Genomic 
DNA (Tail) 

(CAG)n cDNA 
(Striatum) 

1 5 125 125 
2 5 129 129 
3 5 123 123 
4 7 128 128 
5 7 131 131 
6 7 131 130 
7 9 126 126 
8 9 126 126 
9 9 126 126 
10 11 129 129 
11 11 126 127 
12 11 128 127 

Table 1.2: CAG repeats from genomic tail DNA comparable to counts obtained from striatal 
cDNA from the same animal showing lack of somatic expansion in these animals. cDNA 
generated from RNA harvested from striatum. CAG repeat sizing of cDNA was performed 
by Laragen. 
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Table 1.3: Summary heat map of mHTTex1p detected using various break methods 
and assays at 5, 7, 9, and 11 weeks of age. 
 

 
Table 1.3: Representative gradient for each assay based on ease of detection for general 
comparison. Cannot quantify between assay methods for relative protein abundance. 
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CHAPTER 2 

PIAS1 SUMO-Interaction Motif May Modulate Accumulation of Mutant Huntingtin Protein 
 

SUMMARY OF CHAPTER 2 

Disruption of protein homeostasis, leading to accumulation of insoluble high molecular 

weight protein complexes containing the huntingtin protein and SUMOylated proteins, is a 

key feature of Huntington’s disease (HD).  We previously showed that exogenous 

expression of the E3 SUMO ligase PIAS1 enhanced SUMO modification and accumulation of 

the huntingtin protein (HTT) and that reduction of Pias1 in vivo reduced this accumulation. 

However, the functional contributions of PIAS1 domains towards accumulation of mutant 

HTT had not yet been studied. Structurally, PIAS1 contains a SUMO-interaction motif (SIM) 

and a RING-ligase domain and the contribution of these domains towards HTT 

SUMOylation and accumulation is unknown. Using informed mutagenesis combined with 

cell culture, preliminary experiments investigating the effects of the PIAS1 SUMO-

interaction motif and RING domain on mutant HTT accumulation were carried out. The 

data suggests that the PIAS1 SIM domain may be mediating formation of an insoluble 

aggregation species of mutant HTT but results were confounded by issues related to 

transient transfection and promoter effects. Future studies utilizing CRISPR directed 

mutagenesis will greatly aid in elucidating the precise contribution of PIAS1 functional 

domains on HTT accumulation.  Identification of specific mutant HTT-modulating proteins 

and the specific functional domains involved will inform future targeted drug design for 

disease intervention with broad relevance to protein dyshomeostasis in other 

neurodegenerative diseases. 
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INTRODUCTION 

Neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD) 

and Amyotrophic lateral sclerosis (ALS) exhibit hallmark disruption of protein 

homeostasis, including of protein quality control networks, similar to Huntington’s disease 

(HD, (Hipp et al., 2014; Kurtishi et al., 2019; Ross and Poirier, 2004)). Disease is 

accompanied by accumulation of disease-related proteins and post-translational modifiers 

Ubiquitin and SUMO associate with protein inclusions (Anderson et al., 2017). In addition 

to an association of SUMO with protein aggregates in disease, many disease proteins 

themselves are SUMOylated, suggesting that the SUMO modification directly regulates 

protein aggregation perhaps by mediating solubility, degradation, or protein-protein 

interactions (Liebelt and Vertegaal, 2016). Therefore, understanding functional 

components contributing towards protein accumulation and the contribution of 

SUMOylation machinery, including the E3 ligases that regulate SUMO modification of target 

proteins, will prove valuable with broad relevance to other neurodegenerative diseases.  

 

The HTT protein itself is SUMOylated with SUMOylation of mHTT potentially affecting 

subcellular localization and stability (Steffan et al., 2004). We identified PIAS1 as the E3 

ligase (Figure 1) which enhanced SUMOylation (by SUMO1 and SUMO2/3) of HTT and 

modulated mHTT accumulation in vitro (O'Rourke et al., 2013). In vivo knock-down of Pias1 

in the striatum of the rapidly progressing R6/2 mouse model of HD significantly altered the 

SUMO and ubiquitin landscape in these animals (Ochaba et al., 2016). Reduction of 

accumulated, insoluble High-molecular weight (HMW) mHTT and aggregate species was 

accompanied by reductions in both global SUMO and ubiquitin insoluble conjugates. 



86 
 

However, the exact contribution of PIAS1 domains towards mHTT accumulation remained 

unknown as mHTT undergoes changes in conformation and solubility prior to entering 

SUMO-positive inclusions ((Morozko et al., 2018), Chapter 1, unpublished data). 

 

PIAS1 contains several functional domains (Figure 2.1).  Of particular interest are the 

SUMO-interaction motif (SIM) and the RING-ligase domain within PIAS1. SUMO E3 ligase 

activity is mediated through the RING domain (Cappadocia and Lima, 2017). This domain is 

crucial for protein-protein interactions and selective ligase functionality includes the 

interaction with Ubc9 mediated through several cysteines within the RING domain (Kahyo 

et al., 2001). Mutation of these cysteines produces a Ligase-dead (LD), functionally null 

PIAS1 protein (Lee et al., 2003; Yurchenko et al., 2006). Further, this domain has been 

implicated in PIAS1 autoSUMOylation, which in turn impacts the overall function of PIAS1 

(Alagu et al., 2018).  

 

SUMOylation can mediate protein-protein interactions and formation of protein complexes 

by non-covalent binding through SIMs which are composed of a conserved sequence of four 

amino acids containing three hydrophobic residues (VVXV or VXVV where V=V/I) that are 

flanked by phosphorylatable acidic residues (Cappadocia and Lima, 2017). 

Phosphorylation of these residues by the serine/threonine kinase CK2 acts as a molecular 

switch for enhancing or preventing SUMO binding (Stehmeier and Muller, 2009). The SIM 

within PIAS1 may therefore aid in proper loading and stabilization of the Ubc9-SUMO 

structure for optimal transfer of the SUMO moiety onto a substrate protein mediated by 

phosphorylation (Cappadocia and Lima, 2017; Stehmeier and Muller, 2009).  
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Whether PIAS1 has a direct effect on SUMO modification of HTT and accumulation of 

insoluble substrates is unknown. Alternatively, modulating PIAS1 in the HD context may 

impact the global SUMO network or a different mechanistic pathway to modify disease 

indirectly. Investigating the functional impact of both the SIM and Ligase PIAS1 functional 

domains towards mediating mHTT solubility and accumulation may provide insight into 

the role of PIAS1 in the disease context. Therefore, these studies explore the underlying 

mechanism whereby PIAS1 may modulate protein-protein interactions and HTT protein 

accumulation. 

 

RESULTS 

PIAS1 phospho-SIM mutants express at the same levels 

To evaluate how the PIAS1 SIM domain affects mHTT accumulation, we generated 

constructs containing mutations in the SIM domain of PIAS1.  Constructs harboring 

mutations within the PIAS1 SIM or the phosphorylatable region directly downstream of the 

PIAS1 SIM (Figure 2.1) were generated.  PIAS1 SIM was interrupted using alanine 

mutagenesis to replace VIDLT (AA459-463) of PIAS1 with alanines (∆SIM). A phospho-

resistant PIAS1 was created using alanine mutagenesis at serines 466-468 (S466-8A) as 

preventing phosphorylation of these residues perturbs SUMO binding to the SIM 

(Stehmeier and Muller, 2009). A complementary, phospho-mimetic PIAS1 mimicking 

phosphorylation of serines 466-468 was also generated by substituting them with aspartic 

acid residues (S466-8D), therefore facilitating SUMO binding to the PIAS1 SIM. 
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Figure 2.1 PIAS1 has numerous functional domains: PIAS1 contains numerous 
functional domains which aid in E3 ligase activity, protein-protein interactions, DNA 
binding, and post-translational modifications. Specifically, the RING domain and SIM of are 
particular interest due to their roles in modulating SUMOylation and associated machinery. 
 

To evaluate whether PIAS1 SIM mutations alter PIAS1 protein levels, we first tested 

whether the mutations influenced expression of the construct.  Using qPCR analysis, there 

were no differences in the levels of CMV-PIAS1 transcript expressed between WT and 

phospho-SIM-mutant constructs (1-Way ANOVA, post-hoc p>0.05, Figure 2.2B). However, 

the levels of CMV-PIAS1∆SIM were consistently elevated compared to WT transcript (1-

Way ANOVA, F(3,8)=9.08, p<0.01). CMV-PIAS1 constructs did not affect levels of 

endogenous PIAS1 transcript (1-Way ANOVA, F(4,10)=0.72, p>0.05), providing a baseline 

to allow us to draw conclusions regarding mHTT accumulation in the presence of 

overexpressed PIAS1 phospho-SIM constructs. CMV-PIAS1 expression did not affect 

transcription of a transfection control, CMV-myc-actin (1-Way ANOVA, F(4,10)=2.41, 

p>0.05), but increased levels of exogenous CMV-myc-actin protein levels in samples 

containing overexpressed PIAS1 constructs compared to endogenous PIAS1 control (1-Way 
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ANOVA, F(4,10)=10.34, p<0.01, Figure 2.2A). Similar to transcript expression levels, 

PIAS1∆SIM protein levels were significantly elevated compared to other PIAS1 mutants (1-

Way ANOVA, F(4,10)=47.64, p<0.0001, Figure 2.2A). Due to the elevated levels of both 

PIAS1 transcript and protein associated with ∆SIM mutant that could confound 

interpretation, phospho-SIM-mutants were used for subsequent evaluation of this domain 

on mHTT accumulation.  

 

Figure 2.2: PIAS1 phospho-mutants express at the same level: A) Whole-cell Western 
Blot analysis of PIAS1 over-expression constructs. PIAS1∆SIM construct expressed at 
higher levels than WT and S466-8D and S466-8A mutant constructs. B) qPCR analysis of 
CMV-driven over-expression (O.E.) constructs and endogenous PIAS1 transcripts (Endog.) 
revealed a significant increase in PIAS1∆SIM transcript suggesting a post-transcriptional 
modulation that is confounding protein-level associated readouts. Western Blots were 
quantified by mean pixel value. All samples were analyzed by 1-way ANOVA followed by 
Tukey’s multiple comparison test.  *P<0.05, **P<0.01, ***P<0.001, ns=not significant, 
values represent means ± SEM. 
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PIAS1 SIM modulates accumulation of mHTTex1p in human cells 

To determine whether PIAS1 may modulate solubility of the mHTT exon-1 97QP protein 

fragment (mHTTex1p) in a human cell-line, I first examined mHTT accumulation in human 

HEK293T cells. This fragment rapidly forms an insoluble, HMW species that is modulated 

by PIAS1 (O'Rourke et al., 2013). Control and phospho-mutant PIAS1 constructs were 

transfected together with mHTTex1p expressing constructs in HEK293T cells to assess 

mHTTex1p accumulation using Soluble/Insoluble fractionation (Ochaba et al., 2018). 

Preventing phosphorylation of the PIAS1 SIM (S466-8A) increased accumulation of HMW, 

insoluble mHTTex1p (1-Way ANOVA, F(3,7)=53.43, p<0.0001, Figure 2.3A, B), suggesting  

that the phosphorylation status of the PIAS1 SIM is involved in modulating mHTTex1p 

accumulation and solubility (Figure 2.3). This increase corresponded with a significant 

decrease in both soluble, monomeric mHTTex1p (1-Way ANOVA, F(3,8)=19.87, p<0.001) 

and insoluble, fibrillar mHTTex1p (Figure 2. 3A, B). For overexpression of WT PIAS1, one 

sample had insufficient transfection efficiency (middle lane, Figure 2.3A of WT PIAS1) and 

was therefore not included in analyses. PIAS1 was increased in the soluble fraction of 

samples with phospho-resistant PIAS1 overexpression (Figure 2.A PIAS1 S466-8A lanes, 1- 

Way ANOVA, F(3,8)=35.81, post-hoc p<0.05), compared to other PIAS1 constructs, 

indicating a possible shift in subcellular localization of PIAS1 as the soluble fraction serves 

as a crude cytosolic fraction (Insoluble as crude nuclear, (Ochaba et al., 2016)). Samples 

with overexpressed PIAS1 phospho-mimetic (S466-8D) constructs did not show any shift 

in mHTTex1p solubility or PIAS1 fractionation compared to control WT PIAS1.  
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Figure 2.3: PIAS1 SIM may modulate mHTT solubility in Human cells: A) Insoluble and 
Soluble Western Blot analysis and B) subsequent relative protein abundance from 
HEK293T (Human embryonic kidney cell type) cells co-transfected with PIAS1 phospho-
SIM mutants and mHTTex1p shows an increase in PIAS1 S466-8A in the Insoluble fraction, 
corresponding to a decrease increase in HMW mHTTex1p. C) qPCR analysis of CMV-driven 
over-expression (O.E.) constructs and endogenous PIAS1 and HTT transcripts. Western 
Blots were quantified by mean pixel value. Red asterisk indicates sample with insufficient 
PIAS1 overexpression and was not included in analysis. All samples were analyzed by 1-
way ANOVA followed by Tukey’s multiple comparison test.  *P<0.05, **P<0.01, ***P<0.001, 
ns=not significant, values represent means ± SEM. 
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To determine if protein accumulation in the presence of the phospho-resistant mutant was 

in part due to an impact on HTT expression, qPCR was carried out.  We observed a 

significant increase in both endogenous (1-Way ANOVA, F(3,8)=6.50, p<0.05)  and 

overexpressed (1-Way ANOVA, F(3,8)=5.58, p<0.05) HTT transcript levels with PIAS1 

phospho-mutant expression (Figure 2.3C). The effect on exogenous HTT could in part be 

due to influence on CMV-promoter as Myc-Actin transcript levels were also increased in 

these samples (1-Way ANOVA, F(3,8)=5.76, p<0.05). However, this effect on Myc-Actin 

transcription was not observed with overexpression of PIAS1 constructs alone (Figure 2.2) 

and could indicate a compound effect with the presence of mHTTexp1 on expression of 

CMV-driven overexpression constructs, though this possibility is not clear in this present 

dataset.  The results therefore may suggest that the inability to phosphorylate the SIM 

domain causes an increase in endogenous expression and thus accumulation of HMW 

mHTT species.  

 

PIAS1 SIM modulates accumulation of mHTTex1p in striatal-derived cells 

I next investigated whether the PIAS1 SIM was modulating mHTTex1p accumulation in an 

immortalized striatal cell line to investigate accumulation dynamics in cells derived from a 

neuronal linage. The experiment was therefore repeated in immortalized rat, striatal 

ST14A cells (Ehrlich et al., 2001). In ST14A cells, overexpression of wild-type PIAS1 had an 

inverse effect on mHTTex1p accumulation compared to HEK293T cells (Figure 2.4A); 

overexpression of WT PIAS1 resulted in a significant decrease in HMW accumulated, 

insoluble mHTTex1p (1-Way ANOVA, F(3,8)=23.83, post-hoc p<0.01, Figure 2.4A, B). PIAS1 

phospho-resistant  overexpression  slightly  prevented   this   reduction  in  HMW  insoluble  
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Figure 2.4: PIAS1 SIM may modulate mHTT solubility in striatal-like cells: A) 
Insoluble and Soluble Western Blot analysis and B) subsequent relative protein abundance 
from ST14A (rat, immortalized striatal cell type) cells co-transfected with PIAS1 phospho-
SIM mutants and mHTTex1p showed an increase in PIAS1 S466-8A in the Insoluble 
fraction, corresponding to a significant increase in HMW mHTTex1p. C) qPCR analysis of 
CMV-driven over-expression (O.E.) constructs and endogenous PIAS1 and HTT transcripts 
(Endog.) revealed a significant increase in endogenous HTT transcript. Western Blots were 
quantified by mean pixel value. All samples were analyzed by 1-way ANOVA followed by 
Tukey’s multiple comparison test.  *P<0.05, **P<0.01, ***P<0.001, ns=not significant, 
values represent means ± SEM. 
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mHTTex1p but did not affect levels of fibrillary or soluble monomeric mHTTex1p (1-Way 

ANOVA, post-hoc PIAS1vs.PIAS1 S466-8A p>0.05, Figure 2.4A, B). Interestingly, PIAS1 was 

increased in the Insoluble fraction in these samples further suggesting that the PIAS1 SIM 

is important for the subcellular localization or co-aggregation of PIAS1 (1-Way ANOVA 

F(3,8)92.11, post-hoc PIAS1vsPIAS1 S466-8A p<0.01). While the phospho-mimetic form of 

PIAS1 did not alter the levels of HMW mHTTex1p compared to WT PIAS1, it reduced levels 

of soluble, monomeric mHTTex1p (1-Way ANOVA, F(3,8)=17.60, post-hoc PIAS1vs.PIAS1 

S466-8D p<0.01) indicating that the PIAS1 SIM also modulates conformational flux in a 

striatal cell line. Transcript levels assessed by qPCR analysis indicate that overexpression 

of PIAS1 may decrease endogenous PIAS1 levels (1-Way ANOVA, F(3,8)=3.66, p>0.05, post-

hoc Vector vs. PIAS1 p<0.05) while PIAS1 phospho-mimetic slightly increased expression 

of mHTTex1p construct (1-Way ANOVA, F(3,8)=5.58, p<0.05) and therefore may be 

confounding accumulation results (Figure 2.4C).  

 

PIAS1 Ligase domain may affect mHTTex1p accumulation in HEK293T cells 

To begin investigating the consequence of ligase activity of PIAS1 on HTT accumulation, 

two previously reported Ligase-dead (LD) constructs were generated. The first construct 

contained a point mutation at cysteine 351 resulting in a serine substitution (C351S, (Lee et 

al., 2003)). This cysteine was previously reported to be crucial for interaction of PIAS1 with 

the SUMO E2 conjugating enzyme Ubc9 (Kahyo et al., 2001). Surrounding cysteine 351 are 

two additional cysteines, which also contribute significantly to ligase activity of PIAS1 

(Figure 2.1, (Yurchenko et al., 2006)). Therefore, a second construct with three cysteine-to-

serine substitutions was generated (3CS). To assess whether these mutations successfully 
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produced a Ligase-dead PIAS1 (PIAS1-LD) protein product, HEK293T cells were 

transfected and treated with protease inhibitor 5µm MG132 18 hours prior to harvest, to 

maximize retention of transiently SUMOylated proteins and soluble protein levels were 

assessed by western blot. PIAS1 itself is SUMOylated, potentially through autoSUMOylation 

(Alagu et al., 2018; Kotaja et al., 2002; Kumar et al., 2017) and presence of the LD mutations 

attenuated PIAS1 SUMOylation, strongly suggesting that PIAS1-LD constructs produce a 

dominant negative protein product of PIAS1 (Figure 2.5A). 
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Figure 2.5: PIAS1 Ligase-Dead mutants produce a dominant-negative protein 
product: A) Assessment of soluble PIAS1-LD constructs showed lack of autoSUMOylation 
for both PIAS1 C351S and PIAS1 3CS. B) Assessment of whole-cell protein lysate and 
transcript expression levels of PIAS1-LD constructs. PIAS1-LD protein detected at lower 
levels than WT. C) qPCR and c’) dCT values show constructs are transcriptionally expressed 
at the same level. Western Blots were quantified by mean pixel value. All samples were 
analyzed by 1-way ANOVA followed by Tukey’s multiple comparison test.  *P<0.05, 
**P<0.01, ***P<0.001, ns=not significant, values represent means ± SEM. 
 

To test whether the PIAS1 Ligase domain contributes to accumulation of insoluble HMW 

mHTTex1p, HEK293T cells were transfected with either control or PIAS1-LD constructs 

together with mHTTex1p expressing constructs and assessed using Soluble/Insoluble 

fractionation. Preliminary data in HEK293T cells indicated that ligase activity may not 

affect accumulation of Insoluble HMW mHTTex1p but may affect levels of soluble 

monomeric mHTTex1p (Figure 2.6A, B). Overexpression of PIAS1-3CS, but not C351S, 

resulted in a significant decrease in soluble mHTTex1p levels (1-Way ANOVA, F(3,8)=3.68, 

post-hoc PIAS1vs.PIAS13CS p<0.05). However, levels of both PIAS1-LD protein products 

were significantly lower in both the Soluble (1-Way ANOVA, F(3,8)=28.21, p<0.001) and 

Insoluble (1-Way ANOVA, F(3,8)=63.59, p<0.0001) fractions indicating that PIAS1-LD 

protein may be preferentially cleared by the cell. Assessing PIAS1 protein levels without 

mHTTex1p overexpression in whole-cell lysate revealed a similar significant decrease with 

PIAS1-LD expression (1-Way ANOVA, F(2, 6) = 27.79, p<0.001, Figure 2.5B). This was not 

due to lower expression level as transcripts were assessed by qPCR and showed similar 

levels of expression (1-Way ANOVA, F(2,6)=1.43, p>0.05, Figure 2.5C, c’). Therefore, it was 

difficult to determine whether the PIAS1-LD mutants might have an impact on insoluble 

HMW mHTTex1p levels.  
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Figure 2.6: PIAS1 LD mutants confound mHTT assessment: A) Insoluble and Soluble 
Western Blot analysis and B) subsequent relative protein abundance from HEK293T cells 
co-transfected with reported PIAS1 LD mutants and expanded HTT exon1 without MG132 
treatment showed significant decrease in PIAS1-LD protein products. Data confounded by 
PIAS1-LD protein levels such that PIAS1 LD constructs are significantly lower than WT. 
Western Blots were quantified by mean pixel value. All samples were analyzed by 1-way 
ANOVA followed by Tukey’s multiple comparison test. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001, ns=not significant, values represent means ± SEM. 
 

To address this potential confound, experiments were repeated and cells were this time 

treated with proteasome inhibitor MG132 to prevent protein clearance of dominant-

negative PIAS1-LD (Figure 2.7A, B). Strikingly, even in the presence of MG132, PIAS1-LD 

protein products still showed minor but significant variations in insoluble PIAS1 protein 

abundance levels (1-Way ANOVA, F(3,8)=315.9, p<0.0001). No differences were observed 

in levels of insoluble HMW mHTTex1p (1-Way ANOVA, F(3,8) = 3.20, p>0.05) or soluble, 

monomeric mHTTex1p (1-Way ANOVA, F(3,8) = 0.44, p>0.05) in the presences of MG132 

inhibitor (Figure 2.7A, MG132 panel). Interestingly, accumulation of insoluble HMW 

mHTTex1p was affected by DMSO control treatment in WT PIAS1 samples (1-Way ANOVA, 

F(3,8)=4.60, p<0.05). Due to these confounding variables, no conclusion about the effect of 
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PIAS1 ligase-activity on mHTTex1p accumulation could be derived using this transient 

transfection method.  

 

 
Figure 2.7: PIAS1 LD mutants confound mHTT assessment with MG132 treatment: A) 
Insoluble and Soluble Western Blot analysis and B) subsequent relative protein abundance 
from HEK293T cells co-transfected with PIAS1 LD mutants and mHTTex1p, with and 
without proteosomal inhibition with MG132. Data confounded by PIAS1-LD protein levels 
such that PIAS1 LD constructs are significantly lower than WT. Western Blots were 
quantified by mean pixel value. All samples were analyzed by 1-way ANOVA followed by 
Tukey’s multiple comparison test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns=not 
significant, values represent means ± SEM. 
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DISCUSSION 

While SUMOylated proteins as well as dysregulation of SUMO-associated proteostatic 

pathways are associated with neurodegenerative diseases, the exact functional 

contribution towards mediating homeostasis in disease states remains unclear. Specifically, 

how SUMO and SUMO-related machinery promote or prevent protein accumulation (e.g. 

mHTT) remains to be elucidated. Previously, we showed that SUMOylation with SUMO2 by 

PIAS1 increased the accumulation and aggregation potential of mHTT species (O'Rourke et 

al., 2013). Modulation of PIAS1 in cell culture and in the brain of HD mice significantly 

altered levels of accumulated mHTT (O'Rourke et al., 2013; Ochaba et al., 2016). Therefore, 

using PIAS1 and its SUMO-related functional domains as a target, I assessed if these 

domains were mediating mHTT accumulation.  

 

The RING-domain within PIAS1 is critical for its function as an E3 SUMO ligase. This 

domain is also critical for the interaction between PIAS1 and E2 UBC9 (Kahyo et al., 2001). 

PIAS1 interaction with Ubc9 is mediated in part through the SIM domain following the 

RING domain. The creation of a ternary complex with a SUMO moiety through the PIAS1 

SIM serves as an integral functional component in SUMOylation of target substrates 

(Mascle et al., 2013). Further, both of these domains are integral for tethering other 

SUMOylated proteins (Kotaja et al., 2002). Due to their significant role in mediating 

SUMOylation of target substrates, PIAS1 Ligase and SIM domains were assessed for their 

impact on mHTTex1p accumulation.  
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Overall, experiments presented here were confounded by effects of transient over-

expression driven by the CMV-promoter. While PIAS1 mutant constructs had equivalent 

levels of transcript expression when expressed alone (Figures 2.2, 2.5), these constructs 

affected expression of both exogenous expression of mHTTex1p as well as endogenous HTT 

expression (Figures 2.3C, 2.4C). In turn, the increased expression of mHTTex1p could 

account for the observed differences in mHTTex1p protein levels (both soluble and 

insoluble levels). In the case of the PIAS1-LD constructs, protein products seemed to be 

preferentially degraded by the cell, preventing sufficient overexpression of dominant-

negative PIAS1-LD, including when treated with proteasome inhibitor MG132 (Figure 2.6).  

Follow-up experiments blocking autophagy may provide information whether this process 

accounts for the increased clearance or whether some other mechanism is contributing to 

the reduced protein levels. However, further development of a cell-based assay is 

necessary to fully assess impact of PIAS1 functional domains on protein accumulation and 

SUMOylation. Alternative approaches include testing additional promoters that may be less 

sensitive to PIAS effects.  However, the optimal approach would be to create endogenous 

mutations through CRISPR-mediated genome editing of the endogenous PIAS locus in both 

cell-based models and ultimately in vivo in mouse models of disease.   

 

Although there are complications in interpretation, it appears that the PIAS1 SIM may be 

involved in modulating solubility of mHTTex1p in multiple cell lines, such that preventing 

phosphorylation of the SIM leads to an increase in insoluble mHTTex1p with a 

corresponding decrease in soluble mHTTex1p in human HEK293T cells (Figure 2.3). This 

may be a result of preventing SUMO binding to PIAS1 such that phosphorylation of SIMs 
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increases their affinity for SUMO (Anamika and Spyracopoulos, 2016; Cappadocia et al., 

2015). This increased affinity may be  in part due to increasing electrostatic interactions of 

SUMO moieties with the hydrophobic core of the SIM (Cappadocia et al., 2015) or 

potentially through mediating polarity of SUMO-SIM binding interactions (Gareau and 

Lima, 2010). For PIAS1 specifically, preventing phosphorylation of serines 466, 467, and 

468 prevents SUMO binding (Stehmeier and Muller, 2009), which in turn may destabilize 

the ternary complex of PIAS1 with Ubc9 and SUMO (Kahyo et al., 2001; Mascle et al., 2013). 

Destabilizing this interaction could impair SUMOylation of PIAS1 substrates. This could 

suggest that modulation of mHTTex1p accumulation was due to preventing SUMOylation of 

PIAS1 target proteins (e.g. mHTT itself or another substrate). Alternatively, evidence exists 

supporting a function for SIM phosphorylation in specification of protein interaction with 

SUMO1 (Hecker et al., 2006). While this could suggest that our observations are due to 

preferential binding of one SUMO isoform over another to mediate accumulation of 

insoluble protein substrates, the overall selectivity of SIMs for specific SUMO isoforms 

requires further characterization (Cappadocia et al., 2015). 

 

Interestingly, in striatal-derived rat ST14A cells, preventing phosphorylation of the PIAS1 

SIM abrogated a PIAS1 effect on insoluble mHTT, but increased soluble mHTTex1p levels 

(Figure 2.4).  The observed difference in PIAS1 effects between cell lines may in part be due 

to cell lineage (e.g. striatal vs. kidney) or species (e.g. rat vs. human). Cell type and lineage 

may result in a differential contribution of SUMO machinery towards maintaining 

proteostasis. Additional experiments investigating differences in protein homeostatic 
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pathways (e.g. autophagy and proteasome) in these cell lines and in vivo may aid in 

elucidating these differences. 

 

SUMMARY AND NEXT STEPS 

Together, data presented in this chapter present a first step to establish a system to 

understand how SUMO machinery, specifically the E3 SUMO ligase PIAS1, is modulating 

mHTTex1p solubility and aggregation. Using Soluble/Insoluble fractionation allows for a 

quantitative assessment of mHTTex1p conformers (Morozko et al., 2018; Ochaba et al., 

2016), Chapter 1). This technique, coupled with informed mutagenesis of key residues or 

domains involving SUMO (including within the HTT protein itself) could aid in 

understanding how SUMO may be contributing to solubility dynamics or modulating 

accumulation of target proteins. While aggregation dynamics observed in this chapter 

appear to have been affected by CMV-driven promoter effects, the data provides 

preliminary data showing that the SIM within PIAS1 may mediate HTT accumulation. Cell 

lines that avoid the use of transient overexpression constructs by using targeted gene 

editing techniques will need to be generated to fully assess the contribution of PIAS1 

functional domains.  

 

EXPERIMENTAL PROCEDURES  

Cloning 

Plasmids for PIAS1 functional domain studies were generated by Genscript. PIAS1 SIM 

domain was modulated by mutating the phophorylatable series directly adjacent to the 

PIAS1 SIM to either alanines (inactivating) or aspartic acids (activating) generating PIAS1 
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S466-8A or PIAS1 S466-8D constructs (Stehmeier and Muller, 2009). PIAS1 ring domain 

was targeted by site-specific mutagenesis of cysteine 351 to serine (C351S) or cysteines 

346, 351, and 356 to serines (3CS) to yield ligase-dead PIAS1 (PIAS1-LD) as previously 

characterized (Lee et al., 2003; Yurchenko et al., 2006). Mutant huntingtin exon1 protein 

(mHTTex1p) and myc-actin constructs were used as previous (O'Rourke et al., 2013). All 

constructs were under CMV-driven promoter.  

 

Cell Culture 

Human, HEK293T cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 

High glucose supplemented to 10% FBS at 37°C. Cells were transfected using 1.5 µl 

Lipofectamine 2000 at ~45% confluency with 2 µg of cDNA plus 1/10th myc-actin as a 

transfection and expression control on day 2.  Media was changed 24 hours post 

transfection (day 3) and cells will be allowed to grow to ~95% confluency (~44 hours after 

transfection, day 4). Rat, ST14A striatal-derived (Ehrlich et al., 2001) cells were similarly 

cultured but grown at 33°C, transfected as above at ~45-50% confluency and allowed to 

grow to ~90% confluency prior to harvest on day 4. 

 

Soluble/Insoluble Fractionation 

Soluble and Insoluble fractionation was performed on cell samples in lysis buffer 

containing 10 mM Tris (pH 7.4), 1% Triton X-100, 150 mM NaCl, 10% glycerol, and 0.2 mM 

PMSF, and supplemented with protease inhibitors and NEM as previous (O'Rourke et al., 

2013; Ochaba et al., 2016; Ochaba et al., 2018). Samples were lysed for 60 minutes on ice 

followed by a 20 minute centrifugation at 15,000 xg at 4°C. Supernatant served as Soluble 
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fraction. Pellet was re-suspended in lysis buffer supplemented to 4% SDS as the Insoluble 

fraction. Insoluble samples were sonicated for 30 seconds at 40% amplitude and boiled for 

30 minutes. Protein fractions will be quantified using Lowry protein assay (Bio-Rad). 

 

Western Blot and SDS-PAGE 

Soluble protein lysates were resolved on 4-12% Bis-Tris Poly-Acrylamide gels while 

Insoluble protein lysates were resolved on 3-8% Tris-Acetate Poly-Acrylamide followed by 

transfer onto a nitrocellulose membrane. The following primary antibodies were used: 

anti-HTT (Millipore MAB5492) to detect HTTex1p, anti-PIAS1 (Cell Signaling 3550S), anti-

PIAS1 (Invitrogen 39-6600), Anti-myc (Millipore 05-419), and anti-GAPDH (Novus 

Biologicals NB100-56875) and assessed using HRP-conjugated secondaries, ECL reagent 

(Thermo, 34580, 34076), and exposure to X-Ray film. Western blots were quantified by 

determining the mean pixel intensity using Scion Image processing software. Soluble and 

whole cell samples were normalized to house-keeping protein (GAPDH) prior to statistical 

analysis. Insoluble protein was quantified as relative protein abundance. 

 

Filter Retardation Assay 

To analyze insoluble, fibrillar mHTT species, filter retardation assays were performed 

(Wanker et al., 1999). 30 µg of Insoluble protein lysate was suspended in 200 µL of 2% SDS 

and boiled for 5 minutes. Samples were applied to a dot blot apparatus (Bio-Rad) and 

filtered through 0.2 µm cellulose-acetate membrane. Membrane was washed twice with 

0.1% SDS solution and blocked in 5% non-fat milk dissolved in TBST for 1 hour at room 

temperature followed by incubation in primary antibody (Anti-HTT Viva Biosciences 
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VB3130) to detect insoluble mHTT fibrils overnight at 4°C. Protein was detected using ECL 

reagent and exposure to radiogram. 

 

RNA purification and qPCR  

Transfected cells were harvested on day 4 using 1 ml TRIzol reagent (Invitrogen, 

15596026) per well of a 6-well dish. Cells were washed once with sterile 1x PBS prior to 

harvest in TRIzol reagent. RNA was extracted according to manufacturer’s protocol and 

purified using RNeasy Mini kit (Qiagen, 74106). Residual DNA was removed by DNase 

treatment incorporated into RNEasy protocol as per manufacturer’s suggestion. Random 

hexamer primers were used with 1 µg RNA per sample to reverse synthesize cDNA. Final 

synthesized cDNA was diluted 1:5 in DEPC treated water and stored at -20°C until use. The 

following primers were used to detect endogenous and exogenous transcripts: 

 endogenous human PIAS1 (F: CGAAGTTCACTGCGCTTGCG, R: GTTCGTGTTTGCGTCCGTGC), 

endogenous human full-length HTT (F: CTCTGGTGTCAGATACTGCTGC, R: 

CTCCTCTTCTCCAGACATCTGG), endogenous human RPLP0 (F: 

TGGTCATCCAGCAGGTGTTCGA, R: ACAGACACTGGCAACATTGCGG), endogenous rat Pias1 

(F: CAACAGTCTGAGGGAGAGCCAT, R: TTAATCTGGGATGGGGTGGGAG), endogenous rat full-

length Htt (F: GCAGGGCTTTCCAGTCTGTGTT, R: CCTCTCAGCCTCTTGTTCCACA), 

endogenous rat Rplp0 (F: GGCCCGAGAAGACCTCTTTCTT, R: 

CATGTTCAGCAGTGTGGCTTCG), exogenous PIAS1 (F: CGTGTACGGTGGGAGGTCTA, R: 

TTAGTTCCGCACTGTCCGCC), exogenous myc-actin (F: CGTGTACGGTGGGAGGTCTA, R: 

CCGCCAGATCCTCTTCTGAGA), exogenous HTT (F: CGTGTACGGTGGGAGGTCTA, R: 
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GCTTTTCCAGGGTCGCCATG). Data presented as Fold-Change relative to Vector control (or 

PIAS1-WT for PIAS1 overexpression assessment). 

 

Statistical analysis 

All data represented as mean ± SEM with a p value of p<0.05 considered statistically 

significant. Analyses were completed in GraphPad Prism™ software. Pixel intensity values 

were obtained from western blots and subjected to 1-way ANOVA to assess differences in 

protein levels. Statistical analysis using 1-way ANOVA was completed on the delta CT (dCT) 

values obtained from qPCR reactions normalized to RPLP0. All 1-way ANOVAs were 

followed by Tukey’s multiple comparisons test. 
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CHAPTER 3 

PIAS1 Serves as a SUMO E3 Ligase for PNKP and Modulates its Enzymatic Activity in 

Huntington’s Disease Patient iPSC-Derived Neurons 

 

SUMMARY 

As a SUMO E3 ligase, PIAS1 modulates mHTT accumulation, potentially through non-

covalent interactions mediated by the PIAS1-SIM (Chapter 2). While KD of Pias1 in the 

rapidly progressing R6/2 Huntington’s disease (HD) mouse model reduced accumulation of 

mHTT and was behaviorally beneficial, PIAS1 has multiple cellular roles and may 

contribute to HD pathogenesis through alternative mechanisms. Previous studies relied on 

overexpression in immortalized cell culture or mice expressing a pathogenic, toxic 

fragment of human mHTT. Therefore, understanding the function of PIAS1 in the 

endogenous genomic disease context may reveal additional molecular contributions 

towards mediating disease pathogenesis. We therefore utilized human induced pluripotent 

stem cells (iPSCs) from control and HD patients and CRISPR-mediated genome editing to 

reduce endogenous PIAS1. These iPSCs were differentiated into medium spiny neurons 

(MSNs), the most overtly affected cell type in HD, permitting experimental manipulation of 

an otherwise inaccessible, post-mitotic cell type. This allowed us to begin elucidating 

neuron-specific functions of PIAS1 and how these may be perturbed by endogenous full-

length mHTT in human cells. Here we show that PIAS1 is a component of the transcription-

coupled repair complex, a DNA damage repair mechanism that safe-guards the genomic 

integrity of actively transcribing genes. Further, genetic reduction of PIAS1 in iPSC-derived 

MSNs restored mHTT-perturbed enzymatic activity of the TCR enzyme PNKP. We provide 
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experimental evidence that PIAS1 is a SUMO E3 ligase for PNKP in vitro and may modulate 

endogenous PNKP SUMOylation in neurons. Increased PNKP activity also corresponded to 

increased genomic integrity. Overall, data presented in this chapter presents the first 

evidence that PIAS1 serves as an E3 ligase mediating DNA damage repair processes in post-

mitotic neurons and suggests that therapeutic reduction of PIAS1 could increase genomic 

stability in the HD brain.  

 

INTRODUCTION 

We previously showed that Small Ubiquitin-like Modifier (SUMO) modifies the huntingtin 

(HTT) protein and potentially mediates solubility and degradation (Steffan et al., 

2004).  SUMOylation plays an integral role in maintaining protein homeostasis 

(proteostasis) which is dysregulated in numerous neurodegenerative diseases, including 

HD (Liebelt and Vertegaal, 2016). SUMOylation is involved in many neuronal-specific 

processes including localization of metabotropic glutamate receptors, functionality of 

voltage-gated ion channels, and axonal trafficking by either directly modifying target 

substrates or mediating interactions with binding partners (Henley et al., 2018; Schorova 

and Martin, 2016). However, SUMOylation contributes broadly to overall cellular 

homeostasis in dividing cells by modulating protein-protein interactions and maintaining 

cellular homeostasis through mediating biological processes such as protein clearance 

pathways and DNA damage repair (DDR) cascades (Liebelt and Vertegaal, 2016; 

Schwertman et al., 2016). PIAS1 has defined roles in many different processes as a SUMO 

E3 ligase, including DNA repair (Galanty et al., 2009; Gibbs-Seymour et al., 2015). For HTT, 

PIAS1 serves as a SUMO E3 ligase by enhancing its SUMOylation which in part may 
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contribute to accumulation of insoluble mHTT protein (O'Rourke et al., 2013; Ochaba et al., 

2016). Importantly, PIAS1 is the most expressed PIAS isoform in the human caudate, 

suggesting a potential region-specific function of this isoform in the striatum (Human 

Protein Atlas). However, the specific functional contribution of PIAS1 towards disease 

associated pathways in the brain is unknown. 

 

An inverse relationship between the number of repeats within the HTT gene and age-of-

onset (AO) is observed, though with great variability (Langbehn et al., 2004). It was 

recently shown that this variability in part is linked to genetic modifiers involved in DNA 

damage repair (DDR) pathways (Bettencourt et al., 2016; Flower et al., 2019; GeM-HD, 

2015; Moss et al., 2017). The HTT protein itself has been identified as a scaffold for DDR 

proteins. Specifically, HTT interacts with components of the base excision repair (BER) and 

transcription coupled repair (TCR) complexes, suggesting that mHTT protein may be 

preventing appropriate repair in the brain (Gao et al., 2019; Maiuri et al., 2017). Indeed, 

presence of mHTT protein perturbs enzymatic activity of the end-processing enzyme PNKP 

with impaired activity corresponding with a decrease in genomic stability (Gao et al., 

2019). This suggested that modulating activity of TCR processes may be therapeutically 

beneficial. Since DDR mechanisms rely heavily on post-translational modifications such as 

SUMO, and HTT itself is a SUMO substrate, it is possible that PIAS1 may be participating in 

these repair pathways in neurons as a SUMO E3 ligase.  

 

In HD, the medium spiny neurons (MSNs) of the striatum and projection neurons of the 

cerebral cortex are specifically affected and degenerate (Ross and Tabrizi, 2011; Rub et al., 
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2016; Zuccato et al., 2010). While many animal models are available to study HD, induced 

pluripotent stem cells (iPSC) allow us to study the disease within the human endogenous 

genomic context. HD iPSCs have already been informative in elucidating early aspects of  

transcriptional dysregulation (Consortium, 2017), nuclear/cytoplasmic transport deficits 

(Gasset-Rosa et al., 2017; Grima et al., 2017),  neurodevelopmental changes (Consortium, 

2017; Mathkar et al., 2019; Mattis et al., 2015), and deficits in DDR mechanisms (Gao et al., 

2019) in HD. Therefore, they provide a powerful tool for studying HD-associated 

mechanisms in a human, neuronal context.  

 

To begin to identify cellular mechanisms utilizing PIAS1 that contribute to HD pathogenesis 

we used HD patient iPSC-derived MSNs and CRISPR-Cas9 gene editing to knock-down (KD) 

PIAS1.  After identifying PIAS1 as a binding partner of HTT within the TCR complex, and 

due to PIAS1’s previously established functions in DDR, we assessed if PIAS1 was 

modulating repair activity in iPSC-derived MSNs. Genetic reduction of PIAS1 rescued 

mHTT-perturbed enzymatic activity of the repair enzyme PNKP. We now show that PIAS1 

is a SUMO E3 ligase for PNKP and that rescued enzymatic activity corresponded with an 

increase in genomic stability of actively transcribing genes. Our data further supports a role 

for SUMOylation in maintaining neuronal homeostasis in neurodegenerative disease and 

defines PIAS1 as a key component of the DNA damage repair pathway in neurons. 
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RESULTS 

Generation of PIAS1 KD in control and HD iPSCs using CRISPR-CAS9 genome editing 

To investigate the impact of PIAS1 in HD neurons, KD of PIAS1 by creation of an in-del in 

the PIAS1 locus of the genome was performed using CRISPR-Cas9 genome editing 

technology. Clones were generated by targeting exon 2 of the PIAS1 locus (Figure 3.1A) and 

tested by T7EI digestion of PCR fragments (data not shown). Several clones that were 

positive in the T7EI assay were then validated for in-dels by genomic DNA sequencing. The 

specific mutation was shown to be a deletion in the 33Q and an insertion in the 66Q iPSC 

clones (Figure 3.1B, D) and both produced shortened transcripts that resulted in 

significantly reduced PIAS1 protein product as assessed by western blot (p<0.05, Figure 

3.1C, E). iPSC clones were assessed by immunofluorescence for pluripotency (Figure 3.2B).  

Lines were determined to be karyotypically normal and selected for follow-up 

differentiation and functional studies (data not shown). Next, the differentiation capability 

into neurons was assessed by differentiation through a 37 day protocol to derive MSNs 

(Figure 3.2A).  Cell lines showed comparable DARPP32 and BCL-11B co-staining, and MAP-

2 staining at the end of differentiation indicating successful differentiation (Figure 3.2C) 

and reveals that PIAS1 reduction does not influence differentiation into neurons.  
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Figure 3.1: CRISPR-Cas9 was used to reduce PIAS1 expression in iPSC. A) Schematic 
showing CRISPR-Cas9 design to create an in-del mutation at the PIAS1 locus in exon 2. B) 
33n1 Clone 40 PIAS1 sequence highlighting the mutation a deletion in 33n1 Clone 40. C) 
Western blots showing PIAS1 expression in iPSCs that have been modified at the PIAS1 
locus by CRISPR-Cas9 in 33Q and quantification of the PIAS1 expression normalized to α-
tubulin. D) 66n4 Clone 22 PIAS1 sequence highlighting the mutation an insertion in 66n4 
clone 22. E) Western blots showing PIAS1 expression in iPSCs that have been modified at 
the PIAS1 locus by CRISPR-Cas9 in 66Q and quantification of the PIAS1 expression 
normalized to α-tubulin. P = parental line. Arrows shows band quantified. 1-Way ANOVA, * 
p<0.05. Values represented as means ± SEM and individual values. Data and figure 
generated by Charlene Smith-Geater, PhD, Thompson lab.  
 

PIAS1 is part of the TCR complex along with HTT and modulates PNKP activity 

We previously showed that PIAS1 and HTT interact (O'Rourke et al., 2013) and that KD of 

PIAS1 modulated accumulation of mHTT in vitro and in vivo as well as additional HD-

associated molecular readouts in vivo suggesting a functional, molecular association 

between PIAS1 and HTT in the brain (O'Rourke et al., 2013; Ochaba et al., 2016). More 

recently, we identified HTT as a member of the transcription-coupled repair complex (TCR) 

together with PNKP and RNA Pol2A in collaboration with the Sarkar lab (Gao et al., 2019). 

Presence of the CAG-repeat expansion perturbed function of the TCR complex, specifically 

PNKP activity, leading to a decrease in genomic stability. Since PIAS1 has a well 

characterized function in mediating DDR pathways through SUMOylation (Galanty et al., 

2009; Gibbs-Seymour et al., 2015; Schwertman et al., 2016), we hypothesized that PIAS1 

may  also  be  part  of  the  TCR  complex  through  its  interaction  with  HTT.  To  test  this 

hypothesis, endogenous HTT was co-immunoprecipitated from nuclear extracts of SH-SY5Y 

cells and precipitated complex was analyzed by western blot. PIAS1 was co-precipitated 

with HTT along with PNKP and RNA Pol2A, suggesting that PIAS1 is a component of the 

TCR complex in neuronal-like cells (Figure 3.3A). Therefore, given that mHTT perturbs 

PNKP  enzymatic activity in iPSC-derived MSNs (Gao et al., 2019) and PIAS1 is a component  
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Figure 3.2: CRISPR edited HD-iPSC lines differentiate into neurons. A) Schematic of 37 
day differentiation paradigm to make neurons enriched for medium spiny neurons. B) 
Staining for pluripotency markers (NANOG, OCT4, SOX2 and SSEA4 in gene edited clones 
shows no effect on pluripotency with levels the same between parental line and PIAS1 KD. 
C) Immunofluorescence for medium spiny neuronal markers DARPP32 and BCL-11B 
showing no effect on differentiation in control or PIAS1 KD neurons Parental neurons or 
gene edited neurons PIAS1 KD. Cells became MAP-2 positive neurons after the 37 day 
differentiation Scalebar = 30 µm for top panels and 20 µm for bottom panels. Data and 
figure generated by Charlene Smith-Geater, PhD, Thompson lab. 
 

of the TCR complex, we investigated whether activity was altered in the CRISPR-derived 

PIAS1 KD iPSCs-derived MSNs. Excitingly, nuclear PNKP activity was  increased in both the 

control (33Q) and HD (66Q) iPSC derived neurons upon PIAS1 KD (Figure 3.3B) and in the 

66Q line, PIAS1 KD restored PNKP activity to almost control levels.  This impact on PNKP 

enzymatic activity strongly suggested that PIAS1 is contributing to the TCR response to 

DNA damage in neurons.  

 
 

Figure 3.3: PIAS1 is part of the TCR complex and modulates PNKP enzymatic activity. 
A) Immunoprecipitation of the nuclear extract from SY5Y cells with HTT antibody 
identifies PIAS1 as an interactor of HTT as well as members of the transcription coupled 
repair complex, PNKP and RNApol2A. B) Nuclear PNKP activity assay shows increase of 
PNKP enzyme activity PIAS1 knockdown. These measurements were repeated 3-4 times 
and consistently showed increased PNKP activity. Data and figure generated in 
collaboration with Sarkar lab, UTMB. 
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PNKP is SUMOylated  

The striking effect PIAS1 KD had on PNKP enzymatic activity suggested that PNKP may be a 

substrate for SUMOylation. Presence of one or more SUMOylation consensus sites (ψKXE, 

where ψ is a hydrophobic amino acid) can be used to predict if a protein may be modified 

by SUMO (Cappadocia and Lima, 2017) with E3 ligases in the SUMOylation cascade 

conferring specificity to target substrates (Figure 3.4A). The SUMOplot™ bioinformatics 

tool from Abgent was used to identify probable receptor lysines that fall within predicted 

SUMO-motifs. Several probable SUMO consensus motifs (11 total) in both the N and C 

terminus of human PNKP were identified (Figure 3.4B). Many of these lysines were highly 

conserved in mammals and lower vertebrates (Figure 3.4C), further supporting their 

potential for SUMOylation and suggesting that PNKP SUMOylation may be an important 

evolutionary contribution to PNKP function.  

 

To test if PNKP is SUMOylated, a cell-based SUMOylation assay was used as described 

(O'Rourke et al., 2013). A Myc-tagged PNKP construct was co-expressed with either His-

SUMO1 or His-SUMO2 constructs in HeLa cells. Lysates were processed using denaturing 

conditions and protein analyzed by western blotting for predicted motility shift of modified 

substrate. His-purification of SUMOylated proteins was completed using magnetic cobalt 

Dynabeads in 6M Guanidine lysis buffer followed by stringent washes in 6M Urea. Data 

shows that PNKP is SUMOylated by both SUMO1 and SUMO2 by at least two SUMO moieties 

as observed by predicted motility shift detected by both anti-PNKP and anti-Myc antibodies 

(Figure 3.5A, B). Additional laddering at higher molecular weights suggests further 
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polySUMOylation or subsequent polyUbiquitylation. Together with computational data, the 

in-cell SUMOylation data supports PNKP as a bona fide SUMO substrate.  

 

  

Figure 3.4: PNKP may be a substrate for SUMOylation. A) SUMO is covalently linked to 
target substrates through a four-step enzymatic pathway: 1) SUMO processing by SUMO-
specific proteases (SENPs), 2) activation of SUMO by E1 activating enzymes, 3) SUMO 
transfer onto E2 conjugating enzyme followed by 4) transfer to E3 ligase to conjugate 
SUMO moiety onto target substrate. B) Human PNKP is predicted to be SUMOylated at 
numerous lysine residues by Abgent SUMOplot™. C) Several predicted PNKP SUMO 
consensus sites are highly conserved in mammals and lower vertebrates. Human lysines 
are listed with corresponding alignments from Clustal Omega™. Yellow highlights 
conserved residues (compared to human) if consensus site was predicted by SUMOplot™. 
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PIAS1 is a SUMO E3 Ligase for PNKP  

Since PNKP is a substrate for SUMOylation and PIAS1 reduction modulated PNKP 

enzymatic activity in HD neurons, we next tested whether PIAS1 may serve as a SUMO E3 

ligase for PNKP. First, the interaction between PIAS1 and PNKP was confirmed in HeLa 

cells used for the SUMOylation assay using co-immunoprecipitation. A specific interaction 

between PNKP and endogenous PIAS1 in HeLa cells was observed (Figure 3.6A).  

 
Figure 3.5: PNKP is SUMOylated and may be a substrate for STUbL activity in vitro. 
PNKP is SUMOylated by A) SUMO1 and B) SUMO2 as shown using in-cell SUMOylation 
assay HeLa cell-lysates assessed under denaturing conditions. Black arrowheads indicate 
corresponding molecular weight shift of SUMOylated substrate by numerous SUMO 
moieties. SUMOylated PIAS1 serves as a positive control (Alagu et al., 2018). High 
molecular weight laddering after denaturing pulldown suggests PNKP is modified beyond 
two SUMO moieties (Indicated by Asterisk). Overlay shows immunoreactivity of modified 
species with both anti-PNKP and anti-Myc antibodies. 
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Second, to assess if PIAS1 modulates PNKP SUMOylation, in-cell SUMOylation assays were 

repeated, with increased or decreased PIAS1. An siRNA against PIAS1 was co-transfected 

along with Myc-PNKP and His-SUMO1 to reduce PIAS1 (siPIAS1). Knock-down of PIAS1 

(p<0.0001) caused a significant decrease in PNKP SUMOylation by SUMO1 (p<0.01, Figure 

3.6B). To complement PIAS1 KD, PIAS1 overexpression under SUMO-limiting conditions 

was assessed. To detect facilitation of SUMOylated PNKP by PIAS1, Myc-PNKP was co-

expressed in Hela cells with limited His-SUMO1 which reduced baseline levels of  

SUMOylated PNKP  (1-Way ANOVAs, 1xSUMO F (2, 6) = 24.34, p<0.01, 2xSUMO F(2, 6) = 

369.40, p<0.0001, Figure 3.6C) to allow detection of an enhancing effect. With PIAS1 

overexpression, a significant increase in PNKP SUMOylation was observed (1-Way 

ANOVAs, 1xSUMO F (2, 6) = 24.34, p<0.01, 2xSUMO F(2, 6) = 369.40, p<0.0001). Together, 

data suggests that PIAS1 SUMOylates PNKP with SUMO1.  

 

To determine if PIAS1 similarly enhances PNKP SUMO-2 modification, the same 

experiments were carried out with His-SUMO2 instead of His-SUMO1. With PIAS1 KD 

(p<0.0001), a significant reduction in SUMO2 modified PNKP by two SUMO2 moieties was 

detected (p<0.01, Figure 3.7A). Overexpression of PIAS1 under SUMO-limiting conditions 

again showed a significant enhancement of PNKP SUMOylation by SUMO2 (1-Way ANOVAs, 

1xSUMO F(2, 6) = 14.60, p<0.05; 2xSUMO F(2, 6) = 10.90, p<0.05, Figure 3.7B). Together, 

these data support PIAS1 as a probable E3 ligase for PNKP by both SUMO1 and SUMO2.  
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Figure 3.6: SUMO1 PNKP modification is mediated by PIAS1 in vitro. A) HeLa cells 
transfected with myc-PNKP and subjected with co-immunoprecipitation assay with anti-
myc antibody shows specific interaction between myc-PNKP and endogenous PIAS1 in this 
cell type. Arrowheads represent antibody heavy chains. B) Significant KD of PIAS1 with 
siRNA (siPIAS1) shows a reduction in SUMOylated PNKP by His-SUMO1. C) Under SUMO-
limiting conditions (1/3 normal input), PIAS1 overexpression significantly increases PNKP 
SUMOylation by His-SUMO1. Astrisk represent SUMOylated PIAS1. *p<0.01, **p<0.001, 
***p<0.001, ****p<0.0001, ns= not significant, values represent means ± SEM. 
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Figure 3.7: SUMO2 PNKP modification is mediated by PIAS1 in vitro. A) Significant 
knock-down of PIAS1 with siRNA (siPIAS1) shows a reduction in SUMOylated PNKP by His-
SUMO2. B) Under SUMO-limiting conditions (1/3 normal input), PIAS1 over expression 
significantly increases PNKP SUMOylation by His-SUMO2. *p<0.01, **p<0.001, ***p<0.001, 
****p<0.0001, ns= not significant, values represent means ± SEM. 
 

mHTT may influence PNKP SUMOylation 

To assess if the presence of the expanded CAG repeat in HTT impacts PNKP SUMOylation 

and if PNKP is SUMOylated endogenously, protein extracts from iPSC-differentiated MSNs 

were generated and evaluated using a co-immunoprecipitation assay capturing 

endogenous SUMO2/3-modified proteins (Figure 3.8). Prior to harvest, cells were treated 

with 50µm of inhibitor PR619 to prevent deSUMOylation and 200 µM hydrogen peroxide 

for 2 hours to additionally assess if inducing DNA damage impacted PNKP SUMOylation. 
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However, assessment of damage levels by marker γH2AX indicated that hydrogen peroxide 

treatment did not increase damage levels in this setting (Figure 3.8B), therefore treated 

samples were considered as biological replicates for analysis. Immunoblot of PNKP 

following co-immunoprecipitation of SUMO-2/3-ylated proteins from differentiated iPSCs 

showed high molecular weight bands that were PNKP immunoreactive, consistent with 

endogenous PNKP SUMOylation in human neurons (Figure 3.8A). This signal appeared 

increased in HD 66Q neurons, suggesting that presence of expanded mHTT increased PNKP  
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Figure 3.8:  mHTT may affect endogenous PNKP SUMOylation. A) SUMO 2/3 Co-
Immunoprecipitation assay precipitated endogenous unmodified PNKP and higher 
molecular weight PNKP suggesting endogenous PNKP SUMOylation in iPSC-derived 
neurons. KD of PIAS1 suggests reduction in high molecular weight PNKP signal. 
Endogenous SUMOylated PIAS1 served as a control for enrichment of SUMOylated proteins. 
B) DNA damage levels indicated by γH2AX immunostaining suggest no increase in damage 
levels with H2O2 treatment in these cells. β-Actin served as a relative loading control for 
whole cell lysate input samples. Data and figure generated by Marketta Kachemov, 
Thompson lab.  
 

SUMOylation which was then decreased in the 66Q PIAS1 KD neurons. It is therefore 

possible that PIAS1 is modulating endogenous PNKP SUMOylaton in neurons, with KD 

restoring mHTT-mediated aberrant SUMOylation. Endogenous SUMOylated PIAS1 was also 

detected in SUMO-2/3 co-immunoprecipitation with a general increase in unmodified and 

SUMOylated PIAS1 in HD iPSC-derived neurons compared to control. Importantly, an 

overall accumulation in SUMOylated proteins was seen in HD neurons compared to control 

33Q neurons, with a return towards control levels upon PIAS1 KD. Altogether, these 

findings suggest that PNKP is SUMOylated endogenously, that this SUMOylation may be 

modulated by PIAS1 in neurons, and that there may be aberrant SUMOylation in the 

presence of full-length mHTT. Of note, co-immunoprecipitation was performed with an 

antibody that preferentially recognizes SUMO2/3 over SUMO1, thus likely favoring the 

capture of polySUMOylated substrates over monoSUMOylated proteins and suggesting 

polySUMOylation of PNKP.  

 

DISCUSSION 

We previously reported that KD of PIAS1 has therapeutic potential for an HD mouse model 

(Ochaba et al., 2016). Therefore, we further investigated the molecular mechanisms 

associated with PIAS1 in HD by utilizing human iPSC derived cell models from a control 
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and HD patient. Using CRISPR-mediated gene editing, we provide evidence here that PIAS1 

mediates DNA damage repair mechanisms in HD. DNA damage repair mechanisms have 

recently been shown to contribute to age of onset (AO) of HD (Bettencourt et al., 2016; 

Flower et al., 2019; GeM-HD, 2015; Moss et al., 2017) and affect somatic expansion of the 

HTT CAG-repeat (Goold et al., 2019; Pinto et al., 2013; Tome et al., 2013). HTT itself has 

been shown to play a role in repair mechanisms and we have recently reported that mHTT 

impacts enzymatic activity of repair enzyme PNKP in iPSC-derived MSNs from HD patients 

(Gao et al., 2019; Maiuri et al., 2017). Here we show that PNKP and PIAS1 interact in 

numerous cell types, that PIAS1 is a component of a TCR complex, and that PIAS1 is a 

SUMO E3 ligase for the repair enzyme PNKP and modulates its activity in neurons. Further, 

we provide evidence that PNKP is SUMOylated in neurons endogenously and this may be 

perturbed by HTT PolyQ expansion. Since decreased PNKP activity previously 

corresponded with decrease genomic integrity (Gao et al., 2019), rescue of activity with 

PIAS1 KD may serve to increase integrity of actively transcribing genes.  

 

Other post-translational modifications for PNKP have been reported. For instance, 

phosphorylation of PNKP at S114 and S126 by ATM or DNA-PK regulates activation of 

PNKP enzymatic activity (Segal-Raz et al., 2011; Zolner et al., 2011). Ubiquitination of PNKP 

may prevent phosphorylation and serve as a degron signal for clearance by the ubiquitin 

proteasome system (UPS) suggesting that multiple PTMs may be affecting function and fate 

of PNKP (Parsons et al., 2012). PNKP had also previously been reported as a SUMO 

substrate in proteomic screens (Hendriks et al., 2017; Uzoma et al., 2018). Here we report 
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the first experimental validation that PNKP is SUMOylated endogenously in neurons and 

identify PIAS1 as an E3 SUMO ligase. 

 

Genetic reduction of PIAS1 in HD iPSCs rescued perturbed DNA damage repair enzymatic 

activity of PNKP. PIAS1 and PIAS4 have well defined, canonical roles in the recruitment and 

eviction of DDR factors through SUMOylation (Schwertman et al., 2016). It is therefore 

possible that PIAS1 is recruiting PNKP to the sites of damaged DNA in a SUMO-dependent 

manner as SUMOylation often serves to recruit DNA damage repair factors to the sites of 

lesioned DNA. This might be in conjunction with activation of PNKP through ATM/DNA-PK 

mediated phosphorylation (Segal-Raz et al., 2011; Zolner et al., 2011). Cross-talk between 

phosphorylation and SUMOylation is well established, such that phosphorylation often 

primes substrates for SUMOylation by providing the negatively charged surrounding 

residues necessary for adequate SUMOylation and phosphorylation-dependent 

SUMOylation motifs (PDSM) have been well characterized (Hendriks et al., 2017; 

Hietakangas et al., 2006). However, while identified as a SUMO substrate, PNKP was not 

shown to be a co-modified (dual Phospho-SUMO modified) substrate in a recent proteomic 

screen and top probability consensus motifs (Figure 3.4) do not fit the characterized PDSM 

(Hendriks et al., 2017; Hietakangas et al., 2006). Alternatively, PIAS1 SUMOylation may be 

blocking phosphorylation of PNKP similar to reported ubiquitination, resulting in 

premature clearance of PNKP (Parsons et al., 2012). Knock-down of PIAS1 would therefore 

potentially facilitate PNKP phosphorylation and activation. 
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Instead of competing with ubiquitin, SUMOylation of PNKP could be serving as a primer for 

subsequent ubiquitination. SUMOylation of repair factors at DNA lesions can serve as a 

degradation signal in collaboration with ubiquitin signaling. The SUMO-targeted ubiquitin 

ligase (STUbL) RNF4 targets DNA repair factors that have been polySUMOylated to mark 

them for degradation with ubiquitin (Galanty et al., 2012; Kumar et al., 2017; Tatham et al., 

2008). Failure of RNF4 to ubiquitinylate SUMOylated substrates leads to delayed eviction of 

DNA damage sites and inefficient repair (Galanty et al., 2012). Alternatively, premature 

eviction would prevent adequate repair suggesting that an ideal balance for retention and 

eviction needs to be maintained to ensure genomic stability. Therefore, due to the presence 

of HMW modifications (e.g. polySUMOylation) identified in our in-cell SUMOylation assay 

(Figure 3.5), PNKP SUMOylation may serve as a degradation signal for STUbL RNF4 as 

observed for other PIAS SUMO substrates (Gibbs-Seymour et al., 2015; Luo et al., 2012). 

Supporting this possibility is the observed immunoreactivity for PNKP from the SUMO2/3 

co-immunoprecipitation assay such that modification by SUMO2/3 serves as a signal for 

STUbL activity (Sun et al., 2007). Therefore, we hypothesize that PIAS1 imbalance in HD 

may lead to expedited eviction from repair sites resulting in inefficient repair by removing 

repair factors prematurely (Figure 3.9). PIAS1 reduction could therefore serve as a 

molecular brake-pad, delaying PNKP eviction from repair sites long enough for enzymatic 

activity to effectively prep lesioned DNA for repair. This may serve as an alternative 

pathway for PNKP clearance to PNKP ubiquitination (Parsons et al., 2012), such that after 

PNKP is activated by phosphorylation, subsequent SUMOylation may trigger further 

signaling cascades for clearance after efficient repair. Further analysis testing these 
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hypotheses including cross-talk between other known PNKP post-translational 

modifications are the focus of future studies. 

 
Figure 3.9:  PIAS1 may play a role in evicting the TCR complex. A) In control cells, 
PIAS1 may SUMOylate PNKP and potentially other members of the TCR complex including 
HTT to cause eviction from the DNA. B) In HD, PIAS1 may hyperSUMoylate PNKP and 
maybe mHTT in the complex and cause premature eviction from the DNA and halting of 
DNA TCR. C) We hypothesize that PIAS1 knockdown prevents this premature eviction in 
HD and TCR happens without interruption. Figure generated by Charlene Smith-Geater, 
PhD, Thompson lab. 
 



128 
 

SUMMARY AND NEXT STEPS 

Consistent with the defined role of PIAS1 in DDR pathways, data presented here provide 

the first evidence that PIAS1 is serving as an E3 SUMO ligase mediating DNA repair in post-

mitotic neurons. Rescue of perturbed enzymatic activity of PNKP suggests that activity of 

PNKP is reduced by PIAS1 SUMOylation. The functional consequence of PNKP 

SUMOylation, however, remains unknown. Therefore, studies addressing our hypothesis 

that SUMOylation is mediating localization and clearance of PNKP and TCR proteins at 

damage sites will be carried out in future studies. The functional interplay between PNKP 

phosphorylation and SUMOylation can similarly be assessed by determining if one 

modification requires the other. With an impact on activity of DNA repair in neurons, it is 

possibly that PIAS1 is mediating repair pathways in the brain through SUMOylation. To 

investigate this possibility, we assessed Pnkp activity and transcriptional profiles in the 

knock-in, zQ175 mouse model with Pias1 KD, the results of which are detailed in Chapter 4. 

Overall, data here presents the first evidence that PIAS1 is mediating repair pathways in 

neurons through SUMOylation and highlight the importance of targeting disease-specific 

homeostatic imbalances for effective therapeutic design.  

 

EXPERIMENTAL PROCEDURES 

iPSC culture and CRISPR modification 

iPSCs were cultured in mTESR1 on hESC-qualified Matrigel and passaged using Versene 

dissociation. Once at 70% confluence, iPSCs were pre-treated with 10 µM Y27632 

dihydrochloride Rho kinase inhibitor for 1 hour to prevent cell death at single cell 

suspension. Cells were transfected with the CRISPR/CAS9 RNP complex and a pEF1α-
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puromycin plasmid to allow for selection of successfully transfected colonies. CRISPR-guide 

RNA CAS9 ribonucleic acid protein complex was made as follows: both guide RNAs, Alt-R 

CRISPR-CAS9 crRNA for targeting the PIAS1 locus and the Alt-R tracR RNA were mixed 

with Nucleic acid duplex buffer (all IDT Technologies) to a final concentration of 1 µM and 

heated to 95oC for 5 minutes in a thermocycler and allowed to cool to room temperature. 

CAS9 protein (IDT) is diluted to 1 µM in Optimem medium (Life Technologies) and 

combined with the duplex in the following amounts per transfection 2.4 µl of Alt-R Guide 

RNA duplex, 1.7 µl of 1 µM CAS9 protein and made up to 5 µl with PBS (with Ca2+ and Mg2+) 

and incubated at room temperature for 20 minutes. Cells were prepared to a single cell 

suspension with Versene treatment for 5-10 minutes at 37oC and then removed and 

replaced with mTESR1, cells were pipetted into a single cell suspension using a P1000 and 

collected by centrifuge at 200 xg for 90 seconds. Cells were resuspended in 100 µl per 

transfection of Nucleofector solution II for hESC 1 µg of pmaxGFP plasmid (Lonza) and 1 µg 

of pEF1α-puro were added and 5 µl of the RNP complex were added to each cuvette with 

100 µl of cell suspension. Cells were nucleofected using an AMAXA Nucleofector II device 

on program B-016. Cells were transferred to a 15 ml conical and mTESR supplemented 

with CloneR (Stem Cell Technologies) and 1 µM azidothymidine (AZT - Tocris) and 10 µM 

Y27632 dihydrochloride. Cells were plated between 4 wells of a 6 well plate on hESC-

qualified Matrigel. One day after transfection, AZT was removed and cells were treated 

with 200 ng/ml puromycin for 48 hours with a daily media change. Clones were picked 24 

hours after puromycin was removed by removing medium and treating cells for 30 seconds 

with Versene at 37oC. Cells were placed in mTESR and colonies were picked using a P200 

pipette tip and replated in a 12 well plate 1 colony per well in mTESR1 supplemented with 
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CloneR. Cells were maintained in CloneR for 2 more days and then cells were maintained as 

above to collect enough cells for genomic DNA isolation and freezing back stocks. 

 

Validation of CRISPR clones 

iPSCs were pelleted and snap frozen in liquid nitrogen. Genomic DNA was extracted from 

the cells using the QIAGEN genomic DNA extraction kit (Qiagen). PCR across the region of 

interest containing potential in-dels was performed using the KAPA Hi-Fi PCR kit 

(VENDOR) following manufacturer’s protocol. Formation of DNA heteroduplexes was 

performed by heating the double stranded DNA PCR product to 98oC and then cooling 1oC 

every 30 seconds to re-anneal DNA strands. Annealed products were then digested with 

the T7EI enzyme (NEB) and subsequently run on a 1% agarose TAE gel for assessment. 

Protein was harvested from frozen cell pellets of the clones using RIPA lysis buffer and run 

on a 4-12% Bis Tris polyacrylamide gel and transferred to 0.45 µm Nitrocellulose, blocked 

with Starting block (Invitrogen) and probed for PIAS1 (Cell signaling #3550S) and α-

tubulin (Sigma T6079200). PCR products were cloned into the pGEM-T-easy cloning vector 

(Promega) and sequenced at Eurofins using T7 and SP6 enzymes. Sequences were analyzed 

on NCBI BLAST. 

 

iPSC differentiation 

iPSC were maintained as above. Once they reached 60-70% confluency, neuronal 

differentiation was started. iPSC colonies were washed with PBS (without Ca2+/Mg2+) and 

then switched into SLI medium (ADF supplemented with 2 mM Glutamax™, 2% B27 

without vitamin A, 10 µM SB431542, 1 µM LDN 193189 and 1.5 µM IWR1) this is day 0. 
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Medium was changed daily and at day 4, cells were passaged 1:2. Cells were pre-treated for 

1 hour at 37oC with 10 µM Y27632 dihydrochloride, then washed with PBS (without 

Ca2+/Mg2+) and dissociated using Stempro Accutase (Life Technologies) at 37oC for 5 

minutes. Cells were re-plated in SLI medium containing 10 µM Y27632 dihydrochloride 

onto hESC-qualified Matrigel (Corning) and switched into SLI medium on day 5. Cells were 

passaged on day 8 as above in a ratio of 1:2 and replated in LIA medium (ADF 

supplemented with 2 mM Glutamax™, 2% B27 without vitamin A, 0.2 µM LDN 193189, 1.5 

µM IWR1 and 20 ng/ml Activin A) containing 10 µM Y27632 dihydrochloride. Daily 

medium changes were performed with LIA medium until day 16. Cells were replated as 

before but plated into SCM1 (ADF supplemented with 2 mM Glutamax™, 2% B27 

supplement, 2 µM PD 0332991 (Tocris, USA), a CDK4/6 inhibitor, 10 µM DAPT (Tocris, 

USA), 10 ng/ml brain-derived neurotrophic factor (BDNF, Peprotech), 10 µM Forskolin, 3 

µM CHIR 99021, 300 µM γ-amino butyric acid (GABA, all Tocris), supplemented with CaCl2 

to final concentration of 1.8 mM) and 200 µM Ascorbic acid (both Sigma-Aldrich) for 

neuronal differentiation on nitric acid (Fisher Scientific) washed borosilicate 13 mm glass 

coverslips (VWR) pre-treated with 100 µg/ml poly-D-lysine hydrobromide (Sigma Aldrich) 

and hESC-qualified Matrigel and plated at a density of 80 x 103 cells/cm2. Half medium 

change was performed on day 21. On day 23 medium was changed to SCM2 medium (1:1 

ADF:Neurobasal A supplemented with 2 mM Glutamax™, 2% B27 supplement, 2 µM PD 

0332991, 10 ng/ml BDNF, 3 µM CHIR 99021, 1.8 mM CaCl2 and 200 µM Ascorbic acid). 

50% media changes were then performed every 2-3 days until harvest at day 37. 
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PNKP enzymatic activity measurements 

3’-phosphatase PNKP enzymatic activity from nuclear and mitochondrial extracts was 

performed as previously described (Chakraborty et al., 2015; Gao et al., 2019). A 3’-

phosphate oligo (51-mer), 32P-labeled, containing a single strand break was used to assess 

activity by measuring the amount of released 3’ phosphate from radio-labeled substrate as 

analyzed by 20% Urea-PAGE and PhosphorImager. The percent of phosphate release was 

represented as compared to total radiolabeled substrate (as 100). 

 

Immunofluorescence 

Cells for immunofluorescence were cultured on 13 mm borosilicate round coverslips and 

fixed after being washed with PBS pH 7.4 in 4% paraformaldehyde (Electron microscopy) 

for 10 minutes at room temperature. Coverslips were washed three times with PBS and 

then stored at 4oC until staining. Primary antibody incubation was performed overnight at 

4oC, antibodies and permeabilization and blocking solution was specific per stain and 

detailed in Table 3.1. Secondary antibodies used were Alexa-Fluor IgG highly cross 

adsorbed antibodies resuspended at 1:1000 (Life Technologies) in blocking solution and 

used for 1 hour at room temperature in the dark. Nuclei were co-stained with Hoechst  

(Sigma #33342) for 10 minutes in the dark in PBS. Washed with PBS and then mounted 

using Fluoromount G (Fisher Scientific). Cells were imaged on either Nikon TE fluorescent 

microscope or the Olympus FV3000RS confocal laser scanning microscope. For synapse 

images, Z-stack images were obtained with 0.5 µm increments and maximum intensity 

projections generated. They were analyzed using Cell Profiler for staining intensity per 

image and number of cells were counted in ImageJ.  
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HeLa Cell Culture 

HeLa cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with High glucose 

supplemented to 10% fetal bovine serum (FBS) at 37°C. Cells were transfected with cDNA 

plasmid and/or siRNA (PIAS1 knock-down) using Lipofectamine 2000 at ~60% 

confluency.  Media was changed 24 hours post transfection. Cells were harvested 44 hours 

post transfection. PIAS1 siRNA sense sequence: AUCACCUCACUUGUCCGACUGUUU. 

  

Plasmids 

Myc-PNKP construct was generous gift from the Sarkar lab. PIAS1, His-SUMO-1 and SUMO-

2 were used as previously described (O'Rourke et al., 2013) as were pcDNA containing 

HTTex1p with 25QP or 97QP (Steffan et al., 2004) and HTT 586aa fragment with 25QP or 

137QP (O'Rourke et al., 2013). 

  

Denaturing SUMOylation Assay 

HeLa cells were lysed under denaturing conditions in a buffer containing 6M guanidine HCl, 

100 mM NaH2PO4 pH 7.8, and 10 mM Tris-HCl pH 7.8. Lysed cells were sonicated for 30 

seconds at 40% amplitude. 5% lysis volume was removed for TCA precipitation. Remaining 

volume was used for His-purification under denaturing conditions by incubating lysed 

samples in lysis buffer together with His-isolation Dynabeads (Invitrogen, 10103D) for 1 

hour at room temperature while rotating. Samples were washed twice in 8M urea with 100 

mM NaH2PO4 pH 7.8, and 10 mM Tris-HCl pH 7.8, once in 8M urea with 100 mM NaH2PO4 

pH 6.3, and 10 mM Tris-HCl pH 6.3 and once in 1X PBS. Beads were resuspended in loading 

buffer (1.6x loading dye, 1x reducing) and boiled for 10 minutes prior to western blot 
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analysis. Whole-cell, 5% loading input was assessed using TCA precipitation. Sample 5% 

inputs in 6M guanidine lysis buffer were incubated in an equal volume of cold, 20% TCA 

and incubated on ice for 30 minutes. Precipitates were centrifuged at 18,000xg for 15 

minutes at 4°C. Supernatant was discarded and protein pellet was washed in ice-cold 

acetone followed by subsequent centrifugation at 18,000xg for 15 minutes at 4°C. Protein 

pellet was resuspended in loading buffer, pH was adjusted to basic with Tris-HCl pH 8, and 

samples were boiled for 10 minutes prior to western blot analysis. 

  

Co-Immunoprecipitation Assays 

HeLa and differentiated iPS cells were lysed in buffer containing 20 mM Tris-HCl pH 7.5, 

137 mM NaCl, 5 mM EDTA, 1% NP40 alternative, and 10% glycerol (Pierce Protease 

Inhibitor tablet, 0.2 mM NaF, 1:1000 dilution of inhibitor cocktails 2 & 3, 0.2 mM butyric 

acid, 5 mM nicotinamide, 1 mM PMSF, 1ug/uL aprotinin, 1ug/uL leupeptin, and 25 mM n-

ethylmaleimide). HeLa cell Co-immunoprecipitations were carried out using 1 ug α-Myc tag 

antibody in lysis buffer without glycerol. Samples (400ug) were incubated for 1 hour 

together with α-Myc tag antibody at 4°C while rotating. Dynabeads M280 (Invitrogen, 

11201D) were then added to samples and rotated for 30 minutes at room temperature. 

Beads were washed 3x using a magnetic rack and lysis buffer without glycerol. For 

assessment of endogenous SUMOylated proteins in iPSCs, neuron pellets were lysed in lysis 

buffer (above) containing several deSUMOylation and phosphatase inhibitors (above). 

Pellets in lysis buffer were sonicated three times at 40% amplitude in 10 second intervals. 

A Bradford assay was then performed to assess protein concentration levels in lysates. Co-

immunoprecipitation was carried out using an antibody against SUMO-2/3 (MBL M114-3). 
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Protein G Dynabeads (Invitrogen, 10004D) were pre-washed three times with lysis buffer 

without glycerol (above) and 1 ug of SUMO2/3 antibody was pre-bound to 30 uL of 

magnetic Dynabeads Protein G (Invitrogen, 10004D) for 1 hour at 4°C while rotating in 

lysis buffer without glycerol. Replicates of each sample, omitting antibody, served as no-

antibody negative controls. Following antibody-bead pre-incubation, 200 ug of lysate was 

added to each IP and incubated overnight at 4°C while rotating in 500 ul lysis buffer. The 

following day, samples were washed three times each with 500 ul lysis buffer without 

glycerol. Protein was eluted from the beads in 1x reducing loading dye and boiled for 5 

minutes. SUMO elution was separated from the beads using a magnetic rack, collected, and 

analyzed by western blot. 

  

SDS-PAGE and Western Blot 

Cell lysates and precipitated were assessed on 4-12% Bis-Tris PAGE gels and transferred 

onto 0.45 µm PVDF-FL or PVDF. For LiCor assessed membranes, prior to blocking, total 

protein was assessed using Revert total protein stain (LI-COR Biosciences 926-11016) and 

imaged using Odyssey CLx imager. Membranes were blocked in Intercept starting block 

(LI-COR Biosciences 927-60010) for 1 hour prior to incubation in primary antibodies 

overnight at 4°C. Goat-α-Rabbit secondary (IRDye 800CW or 680LR, LI-COR), goat- α-

Mouse IgG secondary (IRDye 800CW or 680LR, LI-COR), and donkey- α-Goat (IRDye 

800CW, LI-COR) were used to detect proteins. For assessment of PIAS1 KD and 

SUMOylated Co-immunoprecipitated proteins, membranes were assessed using 

chemiluminescence with either goat-anti-mouse (Jackson Laboratories #115035146) or 
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goat-anti-rabbit (Thermo scientific # 31460) HRP-conjugated secondaries and 

SuperSignal™ West Pico substrate (Thermo Scientific #34580) captured on X-ray film.  

  

Antibodies 

α-PNKP (Origene AP16044PU-N), α-PNK (Novus NBP1-87257), α-Myc tag (Millipore 05-

419), α-Penta His tag (Qiagen 34600), α-PIAS1 (Cell Signaling #3550S), α-HTT (clone 5526, 

Abcam ab109115), Anti-α-Tubulin (Sigma T6079200), α-DARPP-32 (Abcam ab40801), α-

CTIP2 (Abcam ab18465), α-FOXP1 (Abcam ab16645), and α-MAP2 (Millipore MAB3418) 

primaries were used. Goat- α-Rabbit (LI-COR Biosciences IRDye 800CW 926-32211 or 

680RD 926-68071), goat- α-Mouse (LI-COR  Biosciences IRDye 800CW 926-32210 or 

IRDye 680RD 926-68070), donkey- α -Goat (LI-COR Biosciences IRDye 800CW 926-32214), 

goat- α-mouse HRP (Jackson Laboratories #115035146), and goat- α-rabbit HRP (Thermo 

scientific # 31460) secondaries were used.  

 

Statistical analysis 

All data represented as mean ± SEM with a p value of p<0.05 considered statistically 

significant. Analyses were completed in GraphPad Prism™ software. Chemiluminescent 

pixel intensity values were obtained from western blots and normalized to α-Tubulin. IR-

fluorescent intensity values were obtained using Li-Cor imaging software, Image Studio 

and normalized to total protein stain. SUMO-modified species of PNKP were quantified by 

normalizing to abundance of 5% input from the same western and multiplying by 100. 1-

way ANOVA was used to assess differences in protein levels followed by Tukey’s multiple 

comparisons test. 
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Table 3.1: Immunofluorescent staining protocols for iPSC QC 
 

Antibody Host Source Cat 
number 

Co-stain Permeabil-
ization 

Block Concen-
tration 

DARPP32 Rabbit Abcam  ab40801 CTIP2 0.3%Triton-
X in PBS 10 

minutes 

2% Goat 
serum 

3% BSA 
0.1% 

Triton X 
PBS 1 

hour RT 

1:200 

CTIP2 Rat Abcam  ab18465 DARPP32 1:500 

SYN Mouse Abcam ab8049 PSD95 N/A 2% Goat 
serum 

3% BSA 
0.05% 
Tween 

PBS 

1:200 

PSD95 Goat Abcam ab12093 SYN 1:500 

FOXP1 Rabbit Abcam ab16645 MAP2 0.3% Triton 
X PBS 10 
minutes 

10% 
Goat 

serum 
1% BSA 

0.1% 
TritonX 

PBS 

1:1000 

MAP2 Mouse Millipore MAB3418 FOXP1 1:1000 
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CHAPTER 4 

Pias1 reduction modulates DNA damage repair and neuronal transcription in the zQ175 

mouse model of HD 

 

SUMMARY OF CHAPTER 4 

Genetic modifiers that influence Huntington’s disease (HD) age of onset have recently been 

identified. The majority of these modifiers have critical roles in DNA damage repair (DDR) 

pathways, mechanisms which rely strongly on signaling cascades and post translational 

modification such as ubiquitin and SUMO. Further, the Huntingtin (HTT) protein itself 

scaffolds DDR proteins and this scaffolding function may be impaired in HD. We previously 

showed that the E3 SUMO ligase PIAS1 enhances SUMOylation of the HTT protein and that 

reduction of Pias1 modulated disease associated phenotypes in the rapidly progressing 

R6/2 mouse model of HD. PIAS1 modifies other SUMO-substrates which participate in DDR 

pathways, including PNKP which is dysregulated by mHTT and modulated by PIAS1 in HD-

patient iPSC-derived neurons, which may promote genomic stability (Chapter 3). 

Therefore, we investigated whether Pias1 also modulates DNA repair pathways and 

transcriptional networks in the striatum of a full-length, knock-in mouse model of HD 

(zQ175) to further elucidate the functional contributions of Pias1, SUMO, and DDR towards 

disease-associated mechanisms. Pias1 knock-down (KD) did not exert significant effects on 

either behavior or accumulation of insoluble mHTT protein in zQ175 mice. However, pre-

symptomatic Pias1 KD did alter levels of the DNA damage marker γH2AX and restored 

enzymatic activity of Pnkp in striatum of zQ175 mice at 8 months of age, similar to the 

effect on PNKP observed in human HD neurons. Transcriptome analysis by mRNAseq 
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shows a significant normalization of disease-associated transcriptional networks and 

modules encompassing DNA damage repair mechanisms, synaptic transmission, and mRNA 

processing, suggesting that Pias1 may modulate neuronal health by mediating 

transcription. Together, these data suggest that Pias1 may influence DDR pathways and 

modulate molecular HD outcomes related to neuronal function in vivo. 

 

INTRODUCTION 

DNA damage repair (DDR) has been established as either an underlying cause of 

neurodegenerative disease (McKinnon, 2017) or as a contributor towards 

neurodegenerative disease pathogenesis as a disease modifier (Maiuri et al., 2019). 

Recently, groundbreaking work in the HD field identified genetic variants in the DNA repair 

genes FAN1, MSH3, and MLH1 in human Huntington’s disease (HD) patients associated with 

altered age-of-onset (AO) and disease progression, (GeM-HD, 2015; Lee et al., 2017; Moss 

et al., 2017). Huntington’s disease is a monogenic disorder, caused by an expanded 

trinucleotide repeat expansion (CAG) within the Huntingtin (HTT) gene and inherited in an 

autosomal dominant manner (Group, 1993). The presence of the mutation exhibits nearly 

complete penetrance. The size of the repeat expansion is inversely correlated with AO in 

adult-onset HD patients, with CAG-repeat length accounting for about 50% of the observed 

AO (Langbehn et al., 2004). The identification of genetic variants that contribute to AO 

variance seen between HD patients with the same repeat size provided insight into 

mechanisms that may contribute to disease pathogenesis. Defining FAN1, MSH3, and MLH1 

(Bettencourt et al., 2016; Flower et al., 2019; GeM-HD, 2015; Lee et al., 2017; Moss et al., 
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2017) as disease modifiers in HD strengthened the link between DNA damage repair and 

the neurodegenerative process. 

 

We recently showed, in collaboration with the Sarkar lab, that transcription-coupled repair 

(TCR) is impaired in HD, with the huntingtin protein (HTT) itself serving as a scaffold for 

the TCR complex (Gao et al., 2019). In HD model systems, the presence of mutant expanded 

huntingtin protein (mHTT) directly perturbed enzymatic end-processing activity of DNA 

repair protein PNKP (Gao et al., 2019), a component of the base excision repair (BER) and 

TCR pathways (Chakraborty et al., 2016; Chakraborty et al., 2015). This data suggested that 

the loss of specific types of DNA repair mechanisms may enhance disease pathogenesis as a 

direct consequence of mHTT expression. Given that DNA repair associated genetic variants 

mediating AO of HD and dysfunctional DNA repair pathways are implicated in other 

neurodegenerative diseases (McKinnon, 2017), there is a need to understand the 

underlying mechanism of how either deficient or inappropriate repair might contribute to 

disease pathogenesis. 

 

Post-translational modifications, including by small ubiquitin like modifier (SUMO), are 

integral signaling components that participate in numerous cellular processes and 

dysregulation of SUMOylation is associated with neurodegenerative diseases including HD 

(Liebelt and Vertegaal, 2016; Princz and Tavernarakis, 2019; Vijayakumaran and Pountney, 

2018). The HTT protein is SUMOylated and SUMOylation may contribute to solubility and 

aggregation potential of the mHTT protein (Steffan et al., 2004). We previously identified 

PIAS1 as a specific E3 ligase that enhances SUMOylation of HTT (O'Rourke et al., 2013). 
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Insoluble Pias1 was found to aberrantly accumulate in the striatum of the R6/2 mouse 

model of HD and viral miRNA-mediated knock-down (KD) of Pias1 in R6/2 striata was 

beneficial to behavior and reduced accumulation of insoluble mHTT, SUMO-modified, and 

Ubiquitin-modified proteins (Ochaba et al., 2016). In addition to mediating accumulation of 

insoluble proteins, Pias1 KD in R6/2 mice increased levels of the pre-synaptic marker 

synaptophysin and normalized the aberrant, inflammatory profile observed in the mice. 

This in part may have been through Pias1’s function as a negative regulator of NfkB 

signaling (Liu and Shuai, 2008; Ochaba et al., 2016). However, the precise mechanistic 

contributions of Pias1 in HD pathogenesis are not yet defined. 

 

In addition to SUMOylating the HTT protein (O'Rourke et al., 2013) and serving as a 

negative regulator of inflammation (Liu and Shuai, 2008), PIAS1 is also a SUMO E3 ligase in 

DDR pathways. SUMO serves as an integral signaling component for DDR pathways 

(Schwertman et al., 2016). Specifically, SUMOylation by PIAS1 may serve to recruit repair 

factors (Galanty et al., 2009) or mark them for eviction or clearance (Gibbs-Seymour et al., 

2015). More recently, we identified a function of PIAS1 in mediating repair-related 

enzymatic activity of PNKP in HD patient iPSC-derived medium spiny neurons following 

genome editing to reduce PIAS1 levels (Chapter 3). In collaboration with the Sarkar lab, the 

TCR complex contained PIAS1 along with HTT, PNKP, and RNA polymerase 2A, defining a 

new role for PIAS1 in mediating DDR mechanisms. PNKP is SUMOylated by PIAS1 in HD 

neurons and this SUMOylation was elevated at baseline in patient neurons (Chapter 3). 

Knock-down of PIAS1 rescued perturbed PNKP enzymatic activity and reduced 

endogenous PNKP SUMOylation. 
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We next wished to investigate the possibility that DDR pathways (specifically Pnkp) and 

other molecular readouts (e.g. mHTT accumulation), might be influenced by Pias1 KD in a 

full-length and slowly progressing zQ175 knock-in mouse model of HD. The zQ175 mouse 

expresses the human expanded repeat region encoded by exon 1 within the endogenous 

murine Htt locus, producing a chimeric mHTT protein (Menalled et al., 2012). These 

animals have a more subtle disease progression compared to the rapidly progressing, 

fragment R6/2 mouse model. Due to their underlying molecular differences and the ability 

to assess zQ175 animals in a pre-symptomatic stage and over longer time frames, we 

utilized this model to assess the temporal contribution of Pias1 in disease. These animals 

also have perturbed Pnkp enzymatic activity, similar to HD-patient derived neurons (Gao et 

al., 2019). Further, zQ175 animals have a well-established transcriptional profile 

(Langfelder et al., 2016). Pias1 regulates transcription including that mediated by NfkB and 

p53 in addition to several neuronal specific transcription factors (Table 2, (Rytinki et al., 

2009)). Therefore, we assessed behavioral and molecular phenotypes including 

transcription, Pnkp activity, and accumulation of insoluble high molecular weight (HMW) 

mHTT with Pias1 KD in these animals. 

 

Using the same viral approach as described for R6/2 mice (Ochaba et al., 2016) in 

collaboration with the Davidson lab, we evaluated Pias1 reduction by intrastriatal injection 

of zQ175 mice at pre-symptomatic and symptomatic disease stages and assessed the 

impact of this reduction over time. Pias1 KD did not alter the majority of behavioral 

readouts nor did it modulate accumulation of insoluble mHTT in most groups assessed, 

suggesting that Pias1 may not primarily be modulating mHTT aggregation in these animals. 
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Of note, Pias1 did not aberrantly accumulate in the insoluble fraction in these mice. 

However, we did observe a rescue in Pnkp enzymatic activity at 8 months of age with pre-

symptomatic KD of Pias1. Additionally, genotype-associated transcriptional profiles were 

normalized with pre-symptomatic Pias1 KD, specifically in genes enriched for processes 

involved in neuronal and synaptic function. Compared to established transcriptional 

modules of a zQ175 allelic series (Langfelder et al., 2016), pre-symptomatic Pias1 KD also 

rescued disease-associated DDR-related modules, suggesting that Pias1 mediates repair 

pathways in vivo. Therefore, data presented in this chapter further defines Pias1 as a 

modulatory component of the TCR pathway and regulator of transcriptional networks 

associated with neuronal function in the context of HD in vivo. 

 

RESULTS 

Pre-symptomatic Pias1 KD may modulate behavioral phenotypes in zQ175 mice 

Heterozygote zQ175 mice exhibit behavioral deficits starting around 7 months of age 

(Menalled et al., 2012). For this study we designated 2.5 months of age as “pre-

symptomatic” and 7.5 months of age as “symptomatic” and a timeline for behavioral and 

molecular assessments of miPias1.3 treatment at both pre-symptomatic and symptomatic 

stages was developed (Figure 4.1B). Male and female heterozygote (Het/zQ175) or wild-

type (WT) littermates were treated with either a miRNA against Pias1 (miPias1.3) or a 

control, scrambled miRNA (miSafe) through bilateral stereotaxic striatal injections of 

AAV2/1 as described ((Ochaba et al., 2016), Figure 4.1C). The GFP viral reporter can be 

detected 11 months after injection suggesting continued expression of transduced 

constructs and long-term feasibility of viral delivery method (Figure 4.1D). 
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Figure 4.1: Experimental design for modulating Pias1 in zQ175 mice. A) HMW 
Insoluble mHTT is detectable by 6 months of age, and increases with age allowing for 
molecular assessment of mHTT accumulation after onset of symptoms in this model. B) 
Time-line for pre-symptomatic and symptomatic injections of AAV2/1 miRNA, behavior, 
and sacrifice dates. C) Schematic for bilateral stereotaxic injections into the striatum of 
zQ175 mice. D) GFP viral reporter is present 11 months post-injection, indicating 
continued presence of successful transduction. Scale bar 500µm 
 
 
First, pre-symptomatic miPias1.3 treated animals were assessed behaviorally until 13.5 

months of age prior to sacrifice (Figure 4.2A, Direction 1). Open field, previously reported 

to detect genotype differences in zQ175 mice, was used to assess motor and anxiety 

measures (Menalled et al., 2012). A running wheel task was used to assess motor deficits as 

described (Hickey et al., 2008). Accelerating Rotarod task was also performed as it was 

previously reported to detect genotype differences in zQ175 heterozygous mice (Menalled 

et al., 2012). Body weights were recorded. Statistical outputs for open field, Rotarod, and 

body weights are detailed in Table 4.1. Overall, animals exhibited genotype-related deficits 

with little to no impact observed for miPias1.3 treated animals (Figure 4.3). 
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Figure 4.2:  Flow chart summary of zQ175 Pias1 KD experimental groups, study 
progression, and overall findings. A) Direction 1 pre-symptomatic KD assessed at 13.5 
months of age had robust transcriptional changes but no reduced Pias1 protein. B) 
Direction 2 symptomatic KD assessed at 13.5 months of age had few molecular changes. C) 
Direction 3 informed from direction 1 for pre-symptomatic KD assessed at an earlier time 
point (8 months) to assess molecular readouts associated with reduced Pias1 protein.  
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Open field task: To assess motor deficits and anxiety, the open field task was performed at 

7.5 and 12.5 months of age and analyzed by Ethovision™ video tracking software. Deficits 

in total distance traveled were previously reported at 7.5 months of age for zQ175 

heterozygous mice (Menalled et al., 2012). At 7.5 months of age, both zQ175 males and 

females had significantly less distance traveled with slower velocity. This was retained 

analyzing both genders combined with no effect of Pias1 KD treatment observed (Table 4.1, 

Figure 4.3A). These data support a clear zQ175 motor deficit but miPias1.3 treatment had 

no effect on motor behavior in these animals at 7.5 months of age. No effects were observed 

for percent of time spent in center zone for any group indicating a lack of anxiety 

phenotype in these animals that was not affected by miPias1.3 treatment. At 12.5 months of 

age, zQ175 motor deficits were no longer observed and there was no miPias1.3 treatment 

effect (Figure 4.3B). No anxiety phenotype was observed for percent time spent in center 

zone. Loss of genotype effect is common in these animals at later ages (Menalled et al., 

2012) and overall Pias1 KD did not affect these behavioral readouts. 

 

Rotarod: Rotarod detects genotype differences starting at 7.5 months of age in zQ175 mice 

(Menalled et al., 2012). No overt miPias1.3 treatment effects were observed for either 

males or females in latency to fall in this study (Figure 4.3C, Table 4.1). Specifically 

assessing latency to fall at 9.5 months of age, both males and females showed a significant 

genotype effect that was retained when combined, indicating that zQ175 mice had a 

decreased latency to fall (Figure 4.3C). No treatment effect was observed for either sex 

when analyzed separately or for males and females combined. Interestingly, at 12.5 months 

of age, male heterozygote animals with miPias1.3 treatment may have had a slight rescue in 
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latency to fall as observed by a significant interaction detected by 2-way ANOVA 

(Interaction, F(1, 26) = 4.473, p<0.05). This effect was not observed in females and only the 

genotype effect was observed analyzing the combined group (Genotype: F(1, 53) = 9.958, 

p<0.01, Figure 4.3C), further suggesting that miPias1.3 treatment does not affect motor 

phenotypes in these animals. 
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Figure 4.3:  Pre-symptomatic Pias1 KD may exacerbate motor deficits in zQ175 mice. 
A) open field task at 7.5 months of age for combined group shows significant genotype 
effect for distance traveled and velocity but not % center time. B) No differences were 
detected in open field task at 12.5 months of age.  Rotarod at C) 9.5 months of age and 12.5 
months of age shows significant genotype effects. D) Male mice show genotype effect in 
body weight while female heterozygotes treated with miPias1.3 have a deficit in weight 
gain. E) Running wheel task at 9 months of age in males suggests a negative impact on 
motor tasks with miPias1.3 treatment but with no effect on motor learning. Genotype 
effects were observed for day 1 (F(1, 15) = 21.620, p<0.001), day 2 (F(1, 15) = 19.320, 
p<0,001), day 3 (F(1, 15) = 22.230, p<0.001), day 4 (F(1, 15) = 12.230, p<0.01), day 5 (F(1, 
15) = 7.879, p<0.05), day 6 (F(1, 15) = 9.265, p<0.001), day 7 (F(1, 15) = 6.986, p<0.05), 
day 12 (F(1, 15) = 4.887, p<0.05), day 13 (F(1, 15) = 5.751, p<0.05), and day 14 (F(1, 15) = 
7.883, p<0.05). Treatment effects were observed for day 3 (F(1, 15) = 9.243, p<0.01) and 
Day 5 (F(1, 15) = 9.339, p<0.01) Open symbols represent female mice. All samples were 
analyzed by 2-way ANOVA followed by Tukey’s multiple comparison test.  ns=not 
significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, values represent means ± SEM. 
Shaded bars represent miPias1.3 treated animals. For running wheel: ‡ = p<0.05 WTmiSafe 
vs WTmiPias1.3, * = p<0.05 WTmiSafe vs HetmiSafe, † = p<0.05 WTmiSafe vs HetmiPias1.3 

 

 
Body weight: zQ175 heterozygous animals reliably show decreased body weight (Menalled 

et al., 2012). Male zQ175 animals had significantly lower body weights than their WT 

counterparts with Pias1 KD not altering this genotype effect (Table 4.1, Figure 4.3D). In 

female animals, only a decrease in weight was observed for miPias1.3 treated zQ175 

animals, but with no significant treatment effect (Treatment: F(1, 23) = 2.592, p>0.05). 

Overall, males showed a significant genotype effect while female zQ175 animals did not 

show a genotype effect but may have decreased body weight with Pias1 KD. 

 

Running Wheel: The running wheel task allows for uninterrupted, voluntary assessment of 

motor function and motor learning (Hickey et al., 2008). Therefore, males were assessed at 

9 months of age for two weeks. Females were not analyzed due to the influence of estrus 

cycle on running wheel activity (Hickey et al., 2008). Running wheel data trends suggest a 

promotion of motor deficits in mice treated with miPias1.3 in both WT and zQ175 mice 
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compared to miSafe-treated controls, but with no significant treatment effect over time 

(Treatment: F(3, 15) = 3.257, p>0.05, Figure 4.3E). Overall, miPias1.3 treated zQ175 mice 

performed worse throughout the task and WT animals with miPias1.3 treatment showed a 

significant reduction in wheel-usage at days 3 and 5, suggesting a negative impact on this 

task with miPias1.3 treatment on WT and HD mice at this age (Figure 4.3E).  

 

The running wheel task can also be used to assess motor learning based on the slope of 

mean running between days 2 and 10 (Hickey et al., 2008). Using this analysis, no 

differences in motor learning were observed between our groups (Genotype, F(1, 15) = 

0.510, p>0.05; Treatment, F(1, 15) = 0.741, p>0.05, Figure 4.3E). Overall, running wheel 

data may suggest an exacerbation in motor deficits in zQ175 animals and a decreased 

usage effect in WT animals with miPias1.3 pre-symptomatic treatment when assessed at 9 

months of age, with no effect on motor learning. 

 

Pias1 knock-down affects formation of HMW mHTT in pre-symptomatic treated 

female zQ175 mice 

Next, we assessed formation of insoluble HMW mHTT after sacrifice at 13.5 months of age, 

a molecular readout modulated in cell culture and R6/2 mice by Pias1 (O'Rourke et al., 

2013; Ochaba et al., 2016). In zQ175 mice, this species can be detected at 6 months of age, 

accumulating over time in zQ175 heterozygotes similar to the HMW insoluble mHTTex1p 

species observed in R6/2 mice (Chapter 1, Figure 4.1A). First, to evaluate KD efficiency, 

mRNA was harvested from GFP-positive microdisected striata to quantify levels of Pias1 

transcript. Pias1 levels were significantly reduced in both zQ175 and WT animals with pre-
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symptomatic KD as assessed by qPCR, being about -0.5 to -0.6 fold less than control groups 

(Males: F(1, 11) = 52.800, p<0.0001, Females: F(1, 10) = 73.160, p<0.0001), indicating 

successful reduction by Pias1 miRNA (Figure 4.4A, D). To assess KD effect on Pias1 protein 

levels and levels of accumulated, insoluble mHTT species, Soluble/Insoluble fractionation 

was performed as described (Ochaba et al., 2016; Ochaba et al., 2018) and assessed by 

western blot. In males, no differences in Pias1 protein levels were detected in any group in 

both Insoluble (Treatment: F(1, 8) = 3.709, p>0,05, Genotype: F(1, 8) = 0.069, p>0.05) and 

Soluble (Treatment: F(1, 8) = 0.533, p>0.05, Genotype: F(1, 8) = 0.104, p>0,05) fractions 

(Figure 4.4B, C). GFP was detected in all animals, suggesting successful viral transduction. 

In zQ175 males, HMW mHTT was not modulated with miPias1.3 treatment, unlike that 

observed previously in R6/2  animals  (p>0.05, (Ochaba et al., 2016)).  This may  have  been 

due to insufficient reduction in Pias1 protein levels or lack of accumulation of Pias1 in the 

insoluble fraction of zQ175 animals as reduction of insoluble Pias1 previously 

corresponded with a decrease in HMW mHTT accumulation (Ochaba et al., 2016). A decline 

in mHTT protein levels is associated with disease progression in knock-in HD mice 

(Franich et al., 2018). To determine if Pias1 KD affected this genotype-associated decline, 

Soluble, full-length HTT (FL HTT) protein was quantified using D7F7 antibody (Cell 

signaling #5656S). FL-HTT was significantly reduced in zQ175 males compared to WT (F(1, 

8) = 39.600, p<0.001), but no miPias1.3 treatment effect was observed (F(1, 8) = 0.935, 

p>0.05, Figure 4.4B, b’), suggesting that Pias1 did not impact age-associated decline of 

mHTT. 
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In female animals, Pias1 protein was also not significantly reduced in any group for either 

the Insoluble (F(1, 10) = 4.464, p>0.05) or Soluble fractions (F(1, 10) = 2.512, p>0.05, 

Figure 4.4E, F), however, insoluble HMW mHTT was significantly increased in females with 

miPias1.3 treatment (p<0.05). No treatment effect was observed on levels of soluble, FL 

HTT (F(1, 10) = 1.879, p>0.05) but similar to males, showed a significant reduction in 

zQ175 mice (F(1, 10) = 43.570, p<0.0001, Figure 4.4E, F). Therefore, Pias1 KD may have 

influenced the accumulation of insoluble, HMW mHTT in females only. 
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Figure 4.4:  Pre-symptomatic Pias1KD does not affect mHTT accumulation at 13.5 
months of age. A) qPCR analysis of mRNA harvested from male GFP+ microdisected striata 
shows significant reduction in levels of Pias1 transcript with miPias1.3 treatment. Solid 
symbols for qPCR represent samples used for later mRNAseq analysis. B) Western blot 
analysis of Soluble/Insoluble fractionation of striatal tissue and C) quantification from male 
mice shows insufficient reduction of Pias1 protein in both fractions. HMW insoluble mHTT 
remains unchanged with treatment. Soluble Full length (FL) HTT shows a significant 
genotype effect with no treatment effect, b’) *samples used for representative image and 
quantitative analysis due to observed batch effect. *Samples all processed from the same 
batch. D) qPCR analysis of mRNA harvested from female GFP+ microdisected striata shows 
significant reduction in levels of Pias1 transcript with miPias1.3 treatment. E) Western blot 
analysis of Soluble/Insoluble fractionation and F) quantification of striatal tissue from 
female mice shows insufficient reduction of Pias1 protein in both fractions. HMW insoluble 
mHTT significantly increased with treatment. Soluble Full length (FL) HTT shows a 
significant genotype effect with no treatment effect. Protein normalized to total protein 
stain. Normalized relative protein abundances for all samples were analyzed by 2-way 
ANOVA followed by Tukey’s multiple comparison test. ns = not significant, *p<0.05. 
**p<0.01, ***p<0.001, ****p<0.0001, values represent means ± SEM. Shaded bars represent 
miPias1.3 treated animals. 
 

Reducing Pias1 differentially modulates the transcriptional landscape in zQ175 mice 

Pias1 is well established to function as a regulator of transcription (Rytinki et al., 2009) 

including serving as a negative regulator of inflammatory transcriptional response through 

binding of NfkB (Liu et al., 2005). Pias1 also serves as an E3 SUMO ligase for several 

transcription factors that regulate neuronal transcription, suggesting that KD of Pias1 could 

have an impact on the transcriptional profile in the brain (Table 2, (Estruch et al., 2016; 

Gregoire and Yang, 2005; Riquelme et al., 2006; Tai et al., 2016)). Therefore, with 

significant KD at the transcript level, we hypothesized that miPias1.3 treatment would 

impact the transcriptome in zQ175 mice. 

 

Transcriptomic analysis was carried out on GFP-positive striatal regions harvested from 

pre-symptomatic male mice representing four conditions: WT miSafe, WT miPias1.3, Het 

miSafe, and Het miPias1.3 with three mice each per condition. Total RNA was isolated using 



154 
 

Trizol extraction and purified using RNeasy columns (Qiagen) for mRNAseq analysis. Data 

of completed mRNAseq analysis will be deposited to GEO. After QC, mapping, and 

quantification, normalized gene expression values were used for exploratory analysis. 

Principal component analysis (PCA) revealed a clear separation between the groups; both 

genotype and treatment conditions showed distinct separation along PC1 and PC2, 

representing the maximal variance among samples (Figure 4.5A). These data recapitulate 

known transcriptional deficits in HD mice and human patients and indicate that reduction 

of Pias1 has a substantial, and reproducible, impact on gene expression in both HD and WT 

mice. Statistical analysis of differentially expressed genes (DEGs) was performed using 

DEseq2 (Love et al., 2014) and a significance threshold was set at a 10% FDR. Overall, WT 

animals had a higher number of dysregulated genes with miPias1.3 treatment than zQ175 

animals (1438 for WT and 759 for ZQ175, Figure 4.5B). Of these, 279 DEGs were in 

common with  miPias1.3  treatment  between  genotypes  (Figure  4.5C).  Interestingly, the 

majority of these shared genes modulated by Pias1 were inversely regulated based on 

genotype, supporting a unique role for Pias1 in the context of mHTT expression. These 

shared DEGs were analyzed using Gene Ontology (GO, GOrilla (Eden et al., 2009)) 

enrichment analysis to assess specific biological processes (Figure 4.5D). Data revealed top 

processes related to synaptic vesicle and neurotransmitter release, suggesting that Pias1 is 

differentially modulating neuronal function based on disease context. Remaining DEGs 

were unique to either WT or zQ175 mice when treated with miPias1.3. These genotype-

specific changes were further analyzed using GO and Ingenuity Pathway Analysis (IPA) for 

upstream regulators by assessing all DEGs mediated by Pias1 KD for each genotype, with 

each showing unique enrichment terms (Figure 4.5E, G). GO analysis of WT animals with 
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Pias1 KD revealed processes related to cellular defense mechanisms and immune 

responses. Upstream regulators suggest inhibition of immune related processes with Pias1 

KD (Figure 4.5E, F), consistent with the well-defined function of Pias1 as a negative 

regulator of the NfkB inflammatory pathway (Shuai and Liu, 2005). GO analysis of zQ175 

animals with Pias1 KD showed enrichment for genes involved in cellular communication, 

neuronal transmission, and development (Figure 4.5G). IPA analysis revealed upstream 

pathways associated with HTT and neuronal trophic support (Figure 4.5G). Overall, 

analysis of genotype-specific transcriptional dysregulation with miPias1.3 treatment 

suggests that Pias1 may be differentially mediating pathways in zQ175 mice compared to 

WT mice. In WT animals, networks appear to be centered around immune and cellular 

defense functions while in zQ175, networks are associated with neuronal function. 

 

Due to the differential impact of miPias1.3 treatment in zQ175 mice compared to WT, we 

next examined the effect of treatment on genotype-specific dysregulated genes. A unique 

set of DEGs was generated when comparing zQ175 miPias1.3 DEGs to those from control 

WT and zQ175 animals. Analyzing these genotype-filtered DEGs by GO and IPA revealed 

that Pias1 KD normalized genotype-associated changes in genes involved in neuronal 

function and health (Figure 4.5I, J). These included trans-synaptic signaling, synaptic 

transmission, and nervous system development suggesting a normalizing effect for Pias1 

KD on aberrant disease associated gene transcription with an inverse fold change observed 

for most DEGs (Figure 4.5K). Together, transcriptomic profiling of miPias1.3 treated zQ175 

animals suggests that Pias1 is contributing to neuronal function in HD mice. 
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Figure 4.5: Pre-symptomatic Pias1 KD rescues neuronal function-related 
transcriptional dysregulation in zQ175 mice at 13.5 months of age. A) PCA of 
normalized gene expression values shows separation by both treatment and genotype. B) 
Number of DEGs with miPias1.3 treatment in WT and zQ175 mice. C) Overlap of 279 genes 
dysregulated with miPias1.3 treatment in WT and zQ175 mice enrich for D) GO biological 
processes associated with neuronal function. E) GO enrichment analysis of WT miPias1.3 vs 
miSafe treated animals shows modulation of immune and cellular defense processes and 
corresponding F) IPA upstream analysis suggests inhibition of immune related regulators. 
G) GO enrichment analysis of Het miPias1.3 vs miSafe treated animals shows modulation of 
synaptic signaling and development related processes and corresponding H) IPA upstream 
analysis suggests modulation of neuronal and disease-related regulators with miPias1.3 
treatment. I) GO enrichment analysis and fold change of rescued, genotype-associated DEGs 
reveals enrichment for synaptic and neuronal functional processes and J) corresponding 
IPA upstream analysis similarly shows modulation of neuronal and disease-related 
regulators. K) Fold change heatmap indicating normalizing effect of miPias1.3 treatment on 
genotype-associated DEGs. Sequencing completed by UCI GHTF,  analysis assisted by Ryan 
Lim, PhD, and Jie Wu, PhD, Thompson Lab.  
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Transcriptional analysis was done on mRNA extracted from male striata. Therefore, to 

determine if miPias1.3 treatment was similarly affecting transcriptional readouts in zQ175 

females, mRNA was assessed using qPCR on several genes that were normalized with 

miPias1.3 treatment in males (Table 4.3). The house-keeping gene Eif4a2 was used to 

normalize gene expression as it does not have a genotype effect in zQ175 mice (Southwell 

et al., 2016) and consistently remained unchanged in our mRNAseq dataset. In males, qPCR 

confirmed data obtained by mRNAseq showing a significant normalization effect with Pias1 

KD on genotype-associated DEGs for levels of Bdnf, NeuroD1, NeuroD2, Syn1, and Syn2, 

(Figure 4.6A). In females, however, levels of Bdnf remained statistically unaffected by 

miPias1.3 treatment with high variability within groups. Levels of NeuroD1 and NeuroD2 

showed a significant increase in expression with Pias1 KD, unlike in males, which showed a 

decrease with KD (Figure 4.6B). Levels of Syn1 and Syn2 were unaffected by miPias1.3 

treatment or genotype in females (Figure 4.6B). While data suggests a differential effect on 

transcription in a gender-specific manner, transcriptional qPCR data supports the 

hypothesis that Pias1 has a regulatory role in synaptic and neuronal function by 

modulating NeuroD1 and NeuroD2 in both sexes and other neuronal genes in males. 

Gender-specific consequences of differential expression and accumulation of HMW mHTT 

remain to be explored. It is noteworthy that the vast majority of transcriptomic studies in 

R6/2 mice have been carried out in males, and previous transcriptional profiling in zQ175 

mice removed gender-associated variation (Langfelder et al., 2016). Moreover, the majority 

of the findings correspond with gene changes found in human HD brain (Hodges et al., 

2006). 
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Figure 4.6: qPCR analysis to validate mRNAseq identified genes for pre-symptomatic 
miPias1.3 treatment assessed at 13.5 months of age. A) Fold change and a’) dCT values 
for male mice show significant treatment and interaction effects for miPias1.3 treated Hets 
reproducing normalizing effect seen in mRNAseq data. Solid symbols represent animals 
used for mRNAseq analysis: Bdnf (Interaction: F(1, 11) = 15.090, p<0.01), NeuroD1 
(Interaction: F(1, 11) = 5.740, p<0.05), NeuroD2 (Interaction: F(1, 11) = 17.340, p<0.01), 
Syn1 (Interaction: F(1, 11) = 48.480, p<0.0001), and Syn2 (Interaction: F(1, 11) = 22.780, 
p<0.001).   B) Fold change and b’) dCT values for female mice show significant treatment 
effect for NeuroD1 and NeuroD2 but inverse of effect seen in males: Bdnf (Treatment: F(1, 
10) = 3.886, p>0.05), NeuroD1 (Treatment: F(1, 10) = 8.699, p<0.05) and NeuroD2 
(Treatment: F(1, 10) = 6.309, p<0.05), Syn1 (Treatment: F(1, 10) = 3.851, p>0.05), and Syn2 
(Treatment: F(1, 10) = 0.410, p>0.05). All samples were analyzed by 2-way ANOVA 
followed by Tukey’s multiple comparison test. ns = not significant , *p<0.05, **p<0.01, 
***P<0.0001, values represent means ± SEM. Shaded bars represent miPias1.3 treated 
animals.  
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Inflammation is impacted by pre-symptomatic Pias1 reduction 

We previously showed that Pias1 KD decreased the number of microglia in the striatum of 

R6/2 mice. Given the enrichment of pathways involved in defense-responses in WT 

animals treated with miPias1.3, we evaluated inflammatory signatures. Microglia activation 

in mouse striata was monitored by counting the number of cells and measuring cell-body 

diameter of Iba1+ microglia using confocal microscopy and Imaris automatic analysis 

software. Microglia with cell body diameters of greater than 7 µm were considered reactive 

(Watson et al., 2012). Images were taken at 20x magnification from GFP+ regions of the 

striatum, representing virally transduced, Pias1 reduced regions. Pias1 KD in zQ175 males 

appeared to return cells towards resting state by 13.5 months of age (Diameter: F(13, 

112)=194.900, p<0.0001). However, post-hoc analysis failed to reach significance for Het 

miPias1.3 treated animals compared to other groups. Further, no difference in the number 

of microglia was observed (Genotype: F (1, 8) = 0.023, p>0.05, Figure 4.7A, B). 

Interestingly, miPias1.3 treatment in WT animals significantly increased the number of 

reactive microglia in the striatum based on cell-body diameter (Figure 4.7B). This is 

consistent with the observed mRNAseq GO analysis, with enrichment in pathways 

associated with cellular defense in WT animals only compared to zQ175 mice. We further 

measured inflammatory markers that we previously reported were affected by Pias1 KD in 

R6/2 mice (NfkB and Il-6) by western blot (Figure 4.7C). Soluble levels of NfkB significantly 

increased in zQ175 mice treated with miPias1.3 (Genotype: F(1, 8) = 14.820, p<0.01), with 

no signal being detected in the Insoluble fraction (data not shown) unlike what was 

observed in R6/2 mice with KD (Ochaba et al., 2016). Further, levels of total Il-6 remained 



160 
 

unchanged (Treatment: F(1, 8) = 1.810, p>0.05), indicating a potential differential baseline 

inflammatory signature from the initial R6/2 study that may be strain specific. 
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Figure 4.7:  Pre-symptomatic Pias1 KD modulates immune response. Confocal analysis 
of Iba1+ microglia in striatum of male mice with pre-symptomatic knock-down of Pias1 
(n=3). A) Representative images from the GFP+ region of 13.5 mon. old male mice. B) Cell 
body diameter analysis and cell count from male mice quantified using Bitplane Imaris 
automated software to detect cell bodies. C) Western blot from soluble striatal fraction 
shows significant increase in inflammatory regulator NfkB but not in cytokine Il-6 in males. 
D) Representative images from the GFP+ region of 13.5 mon. old female mice. E) Cell body 
diameter analysis and cell count from female mice quantified using Bitplane Imaris 
automated software to detect cell bodies. F) Western blot from soluble striatal fraction 
shows no changes in inflammatory markers in females. Protein normalized to total protein 
stain. Normalized relative protein abundances for all samples were analyzed by 2-way 
ANOVA followed by Tukey’s multiple comparison test. ns = not significant, *p<0.05, values 
represent means ± SEM. For cell body diameter: ‡ = p<0.05 WTmiSafe vs WTmiPias1.3, * = 
p<0.05 WTmiSafe vs HetmiSafe, † = p<0.05 WTmiSafe vs HetmiPias1.3, # = p<0.05 WTmiPias1.3 vs 
HetmiSafe, § = p<0.05 WTmiPias1.3 vs HetmiPias1.3, ᵠ = p<0.05 HetmiSafe vs HetmiPias1.3 

 

Interestingly, female zQ175 animals treated with miPias1.3 showed an increase in 

microglial activation (Diameter: F(13, 112) = 397.100, p<0.0001), but with only a slight 

treatment affect in total number of microglia (Treatment: F (1, 8) = 6.095, p<0.05, Figure 

4.7D, E). Inflammatory markers remained unchanged by western blot (NfkB: Treatment, 

F(1, 10) = 0.004, p>0.05; Il-6: Treatment,  F(1, 9) = 0.013, p>0.05, Figure 4.7F). Taken 

together, the data suggest that Pias1 influences molecular networks associated with 

neuronal function in zQ175 mice, which may be independent of behavioral or protein 

homeostasis readouts at the 13.5 month long-term time point. 

 

Symptomatic Pias1 KD does not affect zQ175 behavior or HMW HTT accumulation 

We next asked whether Pias1 miRNA treatment after onset of symptoms in zQ175 mice 

could alter behavioral or molecular phenotypes (Figure 4.2B, Direction 2). Symptomatic 

Pias1 KD animals (injections at 7.5 months of age in collaboration with the Davidson lab, 

Figure 4.1B) were also subjected to a battery of assays as described above for pre-

symptomatic mice. Mice were evaluated for behavior following viral injections until they 
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were sacrificed at 13.5 months of age to match the pre-symptomatic cohort. Statistical 

outputs for open field, Rotarod, and body weights are detailed in Table 4.2. 

 

Behavior: For open field task at 12.5 months of age, no significant differences were detected 

between groups for distance traveled or velocity (Figure 4.8A). This data is consistent with 

the lack of a genotype effect in the pre-symptomatic cohort assessed with this task at 12.5 

months of age and as observed previously for these animals (Menalled et al., 2012). No 

differences were detected for males or females for percent of time in center separately but 

combined, animals showed a significant difference, suggesting that this cohort of zQ175 

mice may have had increased anxiety (F(2, 44) = 3.380, p<0.05, Figure 4.8A). However, 

post-hoc analysis failed to reveal the source of significance. 

 

To assess additional deficits in motor movements, accelerating Rotarod task was 

performed at 9.5 and 12.5 months of age (Figure 4.8B). At 9.5 months of age, zQ175 

animals had a significant decrease in latency to fall that was primarily observed in the 

females only as males alone did not show any significant difference in latency to fall 

between the groups (Table 4.2). Pias1 KD had no effect on latency to fall at 9.5 months of 

age. At 12.5 months of age, no differences in latency to fall were detected for males and 

females separately, but combined showed a significant difference suggesting a slight 

decrease in latency to fall for zQ175 mice (Combined: F(2, 43) = 3.576, p<0.05). However, 

post-hoc analysis failed to show significance between groups with combined animals 

further suggesting that miPias1.3 treatment did not affect behavioral readouts in zQ175 

mice (Figure 4.8B). 
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Figure 4.8:  Symptomatic Pias1 KD has no effect on behavior in zQ175 mice. A) Open 
field task at 12.5 months of age for combined group shows no effect for distance traveled 
and velocity but with a significant difference in % center time by 1-Way ANOVA, with no 
post-hoc reaching significance. B) Rotarod at 9.5 months of age and 12.5 months of age 
shows significant genotype effects but no treatment effects. C) No differences were 
detected in body weight at 8 months of age. Open symbols represent female mice. All 
samples were analyzed by 1-way ANOVA followed by Tukey’s multiple comparison test.  
ns=not significant, *p<0.05, **p<0.01, ***p<0.001, values represent means ± SEM. Shaded 
bars represent miPias1.3 treated animals. Data generated in collaboration with Davidson 
lab, CHOP.  
 
 
Body weight was also recorded for these animals and assessed separately due to the 

previously observed differences based on gender in these animals (Menalled et al., 2012). 

Males did not show any differences in body weight at 12.5 months of age even though 

decreased body weight is typical in zQ175 mice at this age (Menalled et al., 2012). For 

females, 1-way ANOVA suggested a significant genotype effect indicating decreased body 

weight (F(2, 24) = 4.226, p<0.05) but with post-hoc analysis again failing to reveal 

significance (Figure 4.8C). Symptomatic Pias1 KD did not affect body weights. Taken 
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together, behavioral data suggest that symptomatic miPias1.3 treatment does not affect 

behavioral readouts in zQ175 mice. 

 

HMW mHTT: First, KD efficiency was assessed by measuring levels of Pias1 transcript from 

GFP-positive microdissected striata at 13.5 months of age. A significant reduction by about 

-0.5 to -0.6 fold in levels of Pias1 transcript, assessed by qPCR, in both females (F(2, 8) = 

70.210, p<0.0001) and males (F(2, 9) = 13.410, p<0.01) was observed (Figure 4.9A, D), 

indicating successful reduction by Pias1 miRNA. Similar to previous cohorts, striata from 

symptomatic miPias1.3 treated animals were also assessed by Soluble/Insoluble 

fractionation (Figure 4.9). A significant reduction of Pias1 was observed in the Soluble 

fraction in females only (Figure 4.9E, F, Females: F(2,11)=14.510, p<0.001; Males: F(2, 9) = 

1.165, p>0.05). Insoluble Pias1 was not altered (Females: F(2, 11) = 3.262, p>0.05; Males: 

F(2, 9) = 0.730, p>0.05) and HMW mHTT was not affected in symptomatic miPias1.3-

treated animals (Females: p>0.05, males: p>0.05). There were significantly lower levels of 

soluble FL HTT in zQ175 mice, independent of miPias1.3 treatment in both females (F(2, 

11) = 19.830, p<0.001) and males (F(2, 9) = 12.060, p<0.01, Figure 4.9B, E), again 

suggesting that Pias1 is not modulating age-associated decline of mHTT protein. Together, 

these data suggest that targeting Pias1 symptomatically in these zQ175 mice does not 

affect accumulation of insoluble mHTT species, even with successful reduction of Pias1 

protein in females. 
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Figure 4.9:  Symptomatic Pias1 KD does not affect mHTT accumulation at 13.5 
months of age. A) qPCR analysis of mRNA harvested from male GFP+ microdisected striata 
shows significant reduction in levels of Pias1 transcript with miPias1.3 treatment. B) 
Western blot analysis and C) quantification of Soluble/Insoluble fractionation of striatal 
tissue from  male mice shows insufficient reduction of Pias1 protein in both fractions. HMW 
insoluble mHTT remains unchanged with treatment. Soluble Full length (FL) HTT shows a 
significant genotype effect with no treatment effect. D) qPCR analysis of mRNA harvested 
from female GFP+ microdisected striata shows significant reduction in levels of Pias1 
transcript with miPias1.3 treatment as well as a significant genotype effect compared to 
WT vehicle control mice. E) Western blot analysis and F) quantification of 
Soluble/Insoluble fractionation of striatal tissue from female mice shows insufficient 
reduction of insoluble Pias1 protein but significant reduction of soluble Pias1 levels with 
miPias1.3 treatment. HMW insoluble mHTT remains unchanged with treatment. Soluble 
Full length (FL) HTT shows a significant genotype effect with no treatment effect. Protein 
normalized to total protein stain. Normalized relative protein abundances for all samples 
were analyzed by 1-way ANOVA followed by Tukey’s multiple comparison test. ns = not 
significant, *p<0.05. **p<0.01, ***p<0.001, ****p<0.0001, values represent means ± SEM. 
Shaded bars represent miPias1.3 treated animals. 
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Microglial activation: Similar to pre-symptomatic Pias1 KD animals, symptomatic-treated 

mice were assessed for microglial activation and inflammatory markers. Male zQ175 

animals with symptomatic miPias1.3 treatment had a significant increase in activated 

microglia based on cell body diameter (F(13,84)=150.500, p<0.0001) as well as an increase 

in the number of microglia detected suggesting that miPias1.3 treatment in symptomatic 

zQ175 animals increased microglial activity in the striatum (F(2,6)=7.870, p<0.05, Figure 

4.10A, B). This suggested that targeting Pias1 symptomatically may have induced an 

immune response as opposed to reducing one (compared to pre-symptomatic treated 

males, Figure 4.7B). However, no changes in inflammatory markers were detected in the 

Soluble protein fraction assessed by western blot (NfkB: F(2, 9) = 2.588, p>0.05; Il-6: F(2, 

9) = 0.202, p>0.05, Figure 4.10C). For females, a significant increase in soluble levels of 

NfkB was observed in zQ175 mice treated with miPias1.3 (NfkB: F(2, 9) = 9.610, p<0.01; Il-

6: F(2, 11) = 2.818, p>0.05, Figure 4.10D), which had not been observed with pre-

symptomatic KD (Figure 4.7F), also suggesting an increased inflammatory response. 

Insoluble NfkB was not detected (data not shown). Taken together these data suggest that 

Pias1 may have different functional consequences towards specific neuroinflammatory 

responses during different disease stages. 

 

In summary, for both pre-symptomatic and symptomatic mice, Pias1 reduction in general 

did not modulate behavior or insoluble HMW HTT species. Modest modulatory effects on 

inflammatory responses were observed with both symptomatic and pre-symptomatic KD 

with symptomatic reduction potentially increasing an inflammatory response in zQ175 

males. However, Pias1 protein levels were not significantly reduced with KD for most 
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groups when assessed at 13.5 months of age, potentially reflecting disruptions in protein 

clearance or compensatory responses. Importantly, Pias1 did not accumulate in the 

insoluble fraction as was observed in R6/2 mice (Ochaba et al., 2016). These data suggest 

that either Pias1 modulation does not impact these outcomes in zQ175 animals or that the 

concordant accumulation of insoluble Pias1 and activation of Pias1 specific inflammatory 

responses is a necessary component for impacting either behavior or aberrant protein 

homeostasis in HD animals. 
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Figure 4.10:  Symptomatic Pias1 KD modulates immune response. Confocal analysis of 
Iba1+ microglia in striatum of male mice with symptomatic knock-down of Pias1 (n=3). A) 
Representative images from the GFP+ region of 13 mon. old male mice. B) Cell body 
diameter analysis and cell count from male mice quantified using Bitplane Imaris 
automated software to detect cell bodies. Western blot from C) male soluble striatal 
fraction effects on inflammatory regulator NfkB and cytokine Il-6 with miPias1.3 treatment. 
D) Female western blot analysis shows significant elevation in NfkB but no change in Il-6. 
Protein normalized to total protein stain. Normalized relative protein abundances for all 
samples were analyzed by 1-way ANOVA followed by Tukey’s multiple comparison test. ns 
= not significant, *p<0.05, values represent means ± SEM. Shaded bars represent miPias1.3 
treated animals.  For cell body diameter: ‡ = p<0.05 WTmiSafe vs WTmiPIAS1.3, * = p<0.05 
WTmiSafe vs HetmiSafe, † = p<0.05 WTmiSafe vs HetmiPIAS1.3, # = p<0.05 WTmiPIAS1.3 vs HetmiSafe, § = 
p<0.05 WTmiPias1.3 vs HetmiPias1.3, ᵠ = p<0.05 HetmiSafe vs HetmiPias1.3 

 

Assessing pre-symptomatic Pias1 KD at 8 months of age reveals additional molecular 

modulation 

To further understand molecular mechanisms impacted by Pias1KD and inform results 

from the 13.5 month-old study, we evaluated mice at an earlier time point of 8 months of 

age, just after symptomatic phenotypes emerge (Menalled et al., 2012). We repeated pre-

symptomatic treatment with miPias1.3 and miSafe with a small cohort of animals at 2.5 

months of age and aged mice to 8 months, specifically to evaluate biochemical and 

molecular readouts (Figure 4.2, Direction 3). A Saline/vehicle control was included in 

female mice to control for viral delivery method. Behavior was evaluated primarily as a 

mode of enrichment to ensure that molecular readouts were not confounded by lack of 

trophic support (Mattson et al., 2004) and for consistency with the longer term studies. 

 

Behavioral analysis of pre-symptomatic Pias1 KD at 8 months 

The same battery of behavioral tasks was carried out as above. Open field was completed at 

7.5 months of age with running wheel task performed at 7 months before sacrifice. Body 

weights were also recorded. A summary of statistical analysis for open field and body 
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weights are shown in Table 4.1 (Figure 4.11A, B). The smaller cohort size may account, in 

part, for the lack of observed genotype effects for these readouts. 

 

 
Figure 4.11:  Pre-symptomatic Pias1 KD may rescue early motor deficits in zQ175 
mice. A) open field task at 7.5 months of age for combined group shows no effect for 
distance traveled and velocity but a significant genotype effect for % center time. B) No 
differences were detected in body weight at 8 months of age. C) Running wheel task at 7 
months of age in males suggests a significant increase in motor activity with miPias1.3 
treatment in at least WT animals but with no effect on motor learning. Significant 
treatment effects were observed on day 1 (F(1, 12) = 11.840, p<0.01), day 3 (F(1, 12) = 
6.053, p<0.05), day 4 (F(1, 12) = 6.019, p<0.05), day 5 (F(1, 12) = 5.292, p<0.05), day 10 
(F(1, 12) = 5.390, p<0.05), day 11 (F(1, 12) = 5.646, p<0.05), day 12 (F(1, 12) = 6.882, 
p<0.05), day 13 (F(1, 12) = 6.921, p<0.05), and day 14 (F(1, 12) = 7.148, p<0.5). A 
significant interaction was detected on day 3 (F(1, 12) = 5.045, p<0.5). A significant 
genotype effect was detected on day 4 (F(1, 12) = 5.566, p<0.05). Open symbols represent 
female mice. All samples were analyzed by 2-way ANOVA followed by Tukey’s multiple 
comparison test.  ns=not significant, *p<0.05, **p<0.01, ***p<0.001, values represent 
means ± SEM. Shaded bars represent miPias1.3 treated animals. For running wheel: ‡ = 
p<0.05 WTmiSafe vs WTmiPias1.3, # = p<0.05 WTmiPias1.3 vs HetmiSafe 
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The running wheel apparatus has a finite number of animals that can be tested at a time 

due to single housing. Therefore, groups of male mice were of comparable size to the 

cohort assessed at 9 months of age and data was similarly processed (Figure 4.11C). In 

contrast to mice tested at 9 months of age, which showed some additional impairment in 

this task with Pias1KD, at this earlier time point, KD increased running wheel usage. 

Specifically, a significant treatment effect (Treatment: F(3, 12) = 3.526, p<0.05) was 

observed with WT animals treated with miPias1.3 showing an apparent increase in usage 

of the running wheel over time compared to WT control treated animals. A similar trend 

was observed between zQ175 miSafe and miPias1.3 treated animals over time. No 

differences were detected in motor learning (Genotype: F (1, 12) = 1.339, p>0.05; 

Treatment, F(1, 12) = 4.663, p>0.05). Overall, data suggests that miPias1.3 treatment led to 

increased usage of the running wheel and increased motor capabilities in at least WT 

animals and potentially zQ175 animals at this time point (7 months, Figure 4.11C). 

Therefore, miPias1.3 pre-symptomatic treatment may have differential effects on behavior 

during different stages of disease pathogenesis. 

 

Bodyweight was recorded and assessed as in previous cohort until 8 months of age. No 

differences in weight gain were detected for either genotype or treatment by 8 months of 

age. However, at 8 months of age, zQ175 mice only exhibit minor deficits in body weight 

(Menalled et al., 2012). It is possible that this cohort of animals had not begun showing 

detectable genotype effects with this analysis by time of sacrifice. 
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Pias1 does not affect formation of HMW mHTT or alter microglial activation at 8 

months of age 

Striata from male mice were assessed at 8 months of age for levels of Pias1 and 

accumulated mHTT using Soluble/Insoluble fractionation and western blotting (Figure 

4.12) to determine whether an earlier time point might reveal changes in protein 

homeostasis. Unlike pre-symptomatic animals assessed at 13.5 months of age, Pias1 

protein levels were significantly reduced in the Soluble fraction in both WT and HD zQ175 

males treated with miPias1.3 (Treatment: F(1, 10) = 76.120, p<0.0001). Insoluble Pias1 

levels also showed a significant treatment effect suggesting reduction of this species (F (1, 

10) = 12.920, p<0.01) but only between control WT animals and miPias1.3 treated zQ175 

as revealed by post-hoc analysis. Levels of insoluble Pias1 were not elevated in untreated 

zQ175 animals at this age, similar to 13.5 month old animals. We next assessed formation 

of the insoluble HMW mHTT species in this younger cohort of pre-symptomatic miPias1.3 

treated animals. Significant reduction of Pias1 still did not affect formation of insoluble 

HMW mHTT accumulated species (p>0.05). zQ175 animals again had significantly reduced 

levels of soluble FL HTT compared to WT animals (Genotype: F(1, 10) = 31.990, p<0.0001), 

and a modest treatment effect of reduced FL HTT in zQ175 mice was observed with 

miPias1.3 treatment (Treatment: F(1, 10) = 7.564, p<0.05). 
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Figure 4.12:  Pre-symptomatic PIias1 KD does not affect mHTT accumulation at 8 
months of age. A) Western blot analysis and B) quantification of Soluble/Insoluble 
fractionation of striatal tissue from male mice shows significant reduction of Pias1 protein 
in both fractions. HMW insoluble mHTT remains unchanged with treatment at this age. 
Soluble Full length (FL) HTT shows a significant genotype effect with a slight treatment 
effect observed with zQ175 animals having significantly less FL HTT than WT with 
miPias1.3 treatment. Protein normalized to total protein stain. Normalized relative protein 
abundances for all samples were analyzed by 2-way ANOVA followed by Tukey’s multiple 
comparison test. ns = not significant, *p<0.05. **p<0.01, ***p<0.001, ****p<0.0001, values 
represent means ± SEM. Shaded bars represent miPias1.3 treated animals. 
 

Given the modest effect of miPias1.3 treatment on microglia in older animals, we assessed 

cell body diameter and total number of microglia in females at 8 months of age. A saline 

treatment control group was included in this analysis to determine if inflammatory effects 

could arise from viral delivery. Using the same analysis as above on Iba1+ cells, there was 

no effect of miPias1.3 treatment on microglial activation in these animals. Interestingly, 

saline WT and zQ175 control groups appeared to have more reactive microglia than viral 

treated WT and zQ175 groups based on cell body diameter (F(13, 168) = 477.500, 

p<0.0001, Figure 4.13A, B), potentially confounding the data. No difference in number of 

microglia was observed for either genotype (F(1, 12) = 0.026, p>0.05) or treatment (F(2, 

12) = 0.234, p>0.05, Figure 4.13B). Due to these confounding variables, no conclusion 
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regarding microglial activation in these animals could be made using this analysis. Due to 

cohort size, male animals were not assessed using this assay, rather, inflammatory markers 

were analyzed by western blot on male tissues (Figure 4.13C). Soluble levels of NfkB were 

significantly altered in males with miPias1.3 treatment in a genotype dependent manner 

(Treatment: F(1, 10) = 6.564, p<0.05; Interaction: F(1, 10) = 30.850, p<0.001) such that, 

WT animals with Pias1 KD had less soluble NfkB: an effect that was not observed at 13.5 

months of age (Figure 4.7C). For levels of soluble Il-6, a slight increase in WT treated 

animals and a slight decrease in zQ175 treated animals was observed (Interaction: F(1, 10) 

= 8.932, p<0.05) but with no significant treatment effect (Treatment: F(1, 10) = 0.108, 

p>0.05). Therefore, Pias1 appears to modulate some inflammatory responses in a 

genotype-dependent manner but may have differential impact depending on disease stage. 
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Figure 4.13:  Pre-symptomatic Pias1 KD does not modulate immune response in 
younger mice. Confocal analysis of Iba1+ microglia in striatum of female mice with pre-
symptomatic knock-down of Pias1 (n=3). A) Representative images from the GFP+ region 
of 8 mon. old female mice. B) Cell body diameter analysis and cell count from female mice 
quantified using Bitplane Imaris automated software to detect cell bodies. C) Western blot 
from soluble striatal fraction shows significant effects on inflammatory regulator NfkB and 
cytokine Il-6 in males with miPias1.3 treatment. Protein normalized to total protein stain. 
Normalized relative protein abundances for all samples were analyzed by 2-way ANOVA 
followed by Tukey’s multiple comparison test. ns = not significant, *p<0.05, **p<0.01, 
values represent means ± SEM. Shaded bars represent miPias1.3 treated animals. For cell 
body diameter: ҂ = WTSaline vs WTmiSafe, * = p<0.05 WTmiSafe vs HetmiSafe, † = p<0.05 WTmiSafe 
vs HetmiPias1.3, # = p<0.05 HetSaline vs HetmiPias1.3, ‡ = p<0.05 WTSaline vs WTmiPias1.3, § = p<0.05 
WTmiSafe vs HetSaline, ᵠ = p<0.05 WTmiPias1 vs HetSaline 
 

Transcriptional changes by Pias1 reduction appear to be temporally regulated 

Pias1 KD strongly affected the transcriptional landscape at 13.5 months of age, even 

without significant reduction at the protein level. Therefore, mRNAseq was also carried out 

as above at 8 months of age when a significant reduction in Pias1 protein levels were 

detected following Pias1 KD. PCA for these younger animals showed less separation with 

genotype as anticipated given that disease is progressive compared to 13.5 month-old 

animals (Figure 4.5A, 4.14A). Treatment also showed less separation than older mice. This 

difference may be due to time between miPias1.3 treatment and sacrifice as compared to 

data from 13.5-month old animals or alternatively, as disease progresses, effect sizes may 

become more pronounced. Supporting these possibilities, fewer DEGs were observed to be 

affected by Pias1 KD in both WT and zQ175 mice as compared to the older animals (Figure 

4.14B). Of these, only a small overlap of 22 shared dysregulated genes between the age 

groups for zQ175 mice with miPias1.3 treatment was observed (Figure 4.14B, C). All 22 of 

these genes were similarly dysregulated with miPias1.3 treatment (Figure 4.14D). GO 

enrichment and IPA analysis for all DEGs revealed regulation of biological processes and 

neurogenesis in WT animals treated with miPias1.3 (Figure 4.14E) but only intracellular 
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signal transduction as a process significantly impacted by Pias1 reduction in zQ175 treated 

animals (Figure 4.14G). Interestingly, IPA upstream analysis in WT treated animals showed 

an enrichment for similar regulators compared to older zQ175 animals treated with 

miPias1.3 such at HTT, CREB1, L-dopa, SNCA, and BDNF (Figure 4.5E, Figure 4.14F). While 

some of these regulators were also enrichened in 8-month old zQ175 mice with treatment 

(e.g. CREB1, BDNF), there was less overlap compared to 13.5 month-old treated zQ175 

animals (Figures 4.5G, 4.14H) suggesting either a different or smaller impact on 

transcription with less treatment time or stage of disease progression. 
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Figure 4.14:  Pre-symptomatic Pias1 KD has minimal effect on transcriptional 
landscape at 8 months of age. A) PCA of normalized gene expression values shows 
separation of WT treated animals. B) 8 month-old zQ175 mice with miPias1.3 treatment 
have fewer measured DEGs compared to 13.5 month-old pre-symptomatic treated animals 
with C) minimal overlap of 22 DEGs observed between cohorts. D) Fold change heatmap of 
22 shared DEGs between age groups shows similar modulation with miPias1.3 treatment. 
E) GO enrichment analysis of WT miPias1.3 vs miSafe treated animals shows modulation of 
biological processes including localization and development-related processes and F) 
corresponding IPA upstream analysis suggests modulation of neuronal and disease-related 
regulators with miPias1.3 treatment at this age in WT animals. G) GO enrichment analysis 
of Het miPias1.3 vs miSafe treated animals shows modulation of only intracellular signal 
transduction with corresponding H) IPA upstream analysis. H) GO enrichment analysis of 
rescued, genotype-associated DEGs reveals enrichment for intracellular signaling and 
mRNA processing only with J) corresponding IPA upstream analysis. K) Fold change 
heatmap indicating normalizing effect of miPias1.3 treatment on genotype-associated 
DEGs. Sequencing completed by UCI GHTF, analysis assisted by Ryan Lim, PhD, and Jie Wu, 
PhD, Thompson Lab. 
 

Only 175 genes were dysregulated in zQ175 animals with miPias1.3 treatment at this age. 

Of these, 119 were associated with genotype. When analyzing the effect of miPias1.3 

treatment on these 119 genotype-specific DEGs, processing of mRNA was also significantly 

enriched by GO analysis in the 8 month-old zQ175 animals (Figure 4.14I). Upstream IPA 

regulator analysis of genotype-associated DEGs normalized with KD (119), revealed similar 

upstream processes to those detected when all DEGs in zQ175 mice with KD were assessed 

(175). This suggests that Pias1 may be primarily regulating disease-associated 

transcriptional networks at this age (Figure 4.14H, J). The majority of genotype-

dysregulated genes that are altered in expression by miPias1.3 treatment again showed 

inverse fold changes suggesting a normalizing effect on aberrant HD-associated 

transcription (Figure 4.14K). Together, transcriptional analysis at 8 months of age revealed 

a smaller impact of Pias1 KD in both WT and zQ175 mice suggesting that length of KD 

treatment or stage of disease greatly influences modulation of transcriptional profiles in 
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these animals, but that Pias1 KD does appear to also have a normalizing effect on 

transcriptionally dysregulated genes in HD mice. 

 

Pias1 KD consistently modulates Bcl2l2 expression levels independent of age or 

disease stage 

As described above, 22 Pias1 KD-dysregulated genes in zQ175 animals overlapped between 

age groups (Figure 4.14D). Within these overlapping genes, Rnf112 and Pde4a were of 

interest, as these were both dysregulated in male zQ175 mice at 13.5 months of age and 

normalized with pre-symptomatic Pias1 KD as determined by mRNAseq (Table 4.3). 

Rnf112, also known as Neurolastin, encodes a GTPase that functions in neurogenesis 

(Lomash et al., 2015). Pde4a is a SUMO substrate that mediates cAMP signaling cascades by 

hydrolyzing cyclic nucleotides. Members of the Pde4 family play a role in mediating Darpp-

32 signaling cascades and memory in the brain (Havekes et al., 2016; Kuroiwa et al., 2012). 

A third gene of interest that was modulated at both 8 months of age and 13.5 months of age 

in males with pre-symptomatic Pias1 KD, but did not show a normalizing effect, was Bcl2l2. 

Instead, pre-symptomatic Pias1 KD consistently resulted in an increase in Bcl2l2 

expression, regardless of age assessed (Table 4.3). Bcl2l2, (also known as Bcl-w), is a 

member of the Bcl-2 protein family. This family has multiple members that comprise two 

self-antagonizing functions: pro-survival and pro-death pathways through maintenance of 

mitochondrial dynamics (Aouacheria et al., 2017). Bcl2l2 is a pro-survival member of the 

Bcl-2 family that has been implicated in neuronal survival after injury (Courchesne et al., 

2011; Simon et al., 2016). Therefore, due to their potential roles in mediating neuronal 

function, development, and survival, transcript levels of gene targets Rnf112, Pde4a, and 
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Bcl2l2 were assessed in 13.5-month old cohorts of animals with either pre-symptomatic or 

symptomatic Pias1 KD by qPCR (Table 4.4). 

 

Pre-symptomatic KD, 13.5 months of age: Levels of Rnf112 were significantly reduced in 

treated male zQ175 mice, similar to that observed in mRNAseq data (Figure 4.15A). 

Interestingly, there was no significant difference in levels of Rnf112 transcript in pre-

symptomatic female mice (Figure 4.15B). For Pde4a, a significant reduction in transcript 

levels was again observed in male zQ175 animals only, corresponding with mRNAseq data. 

This affect was not observed in females and may be due to sex-related differences in Pde4 

isoforms previously reported after neuroinflammatory insult (Johansson et al., 2012). 

Bcl2l2 was significantly increased in males by mRNAseq and in females by qPCR (Figure 

4.16B) with miPias1.3 treatment. Therefore, for pre-symptomatic KD, only Bcl2l2 was 

modulated in both males and females at 13.5 months of age of the genes assessed. 

 

Symptomatic KD, 13.5 month of age: We also evaluated this set of genes in symptomatically 

treated mice. No differences were observed for gene targets Rnf112 and Pde4a (Figure 

4.16C, D). Levels of Bcl2l2, however, showed a slightly rescued genotype effect in males 

(F(2, 9) = 5.951, p<0.05), suggesting an increase in zQ175-treated mice consistent with 

other cohorts (Figure 4.15A, B, C). In symptomatic treated females, levels of Bcl2l2 

remained statistically unchanged though with a trend similar to that of males (F(2, 8) = 

1.199, p>0.05) (Figure 4.15D). Overall, qPCR data suggests that Bcl2l2 is consistently 

modulated by Pias1 independent of age and animal gender, potentially supporting a role 

for Pias1 in this pro-survival pathway (Figure 4.15, Table 4.4). 



179 
 

 
Figure 4.15: qPCR analysis on top mRNAseq identified genes. A) Fold change and a’) 
dCT values for male mice validate mRNAseq data. Solid symbols represent animals used for 
mRNAseq analysis: Rnf112 (Interaction: F(1, 11) = 18.510, p<0.01), Bcl2l2 (Interaction: F(1, 
11) = 12.600, p<0.01), Pde4a (Interaction: F(1, 11) = 6.553, p<0.05). B) Fold change and b’) 
dCT values for female mice show significant treatment effect for Bcl2l2: Rnf112 (Treatment: 
F(1, 10) = 3.017, p>0.05), Bcl2l2 (Treatment: F(1, 10) = 25.090, p<0.001), Pde4a 
(Treatment: F(1, 10) = 0.422, p>0.05). C) Fold change and c’) dCT values for symptomatic 
treated male mice show significant rescue effect on Bcl2l2 levels: Rnf112 (F(2, 9) = 1.561, 
p>0.05), Bcl2l2 (F(2, 9) = 5.951, p<0.05), Pde4a (F(2, 9) = 3.380, p>0.05). D) Fold change 
and d’) dCT values for symptomatic-treated zQ175 female mice show no significant 
differences but with trending increases in Bcl2l2 and Pde4a in Hets with miPias1.3 
treatment: Rnf112 (F(2, 8) = 2.097, p>0.05), Bcl2l2 (F(2, 8) = 1.199, p>0.05), Pde4a (: F(2, 
8) = 3.460, p>0.05). All samples for pre-symptomatic treated animals were analyzed by 2-
way ANOVA followed by Tukey’s multiple comparison test. All samples for symptomatic 
treated animals were analyzed by 1-way ANOVA followed by Tukey’s multiple comparison 
test. ns = not significant, *p<0.05, **p<0.01, values represent means ± SEM. Shaded bars 
represent miPias1.3 treated animals. 
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Pias1 KD rescues disease-associated transcriptional modules including DNA damage 

We next compared our zQ175 transcriptional profiles to a previously established 

transcriptome from an allelic series derived from zQ175 mice (Langfelder et al., 2016) and 

compared Pias1 signatures on defined disease-associated profiles. For this analysis, the 

combined data from both the 13.5 and 8-month old pre-symptomatic KD cohorts were 

compared to RNAseq data from the zQ175 allelic series. First, we looked at gene expression 

changes between zQ175 and WT without treatment; a scatter plot of Z scores calculated 

using the log2FC from each dataset showed strong concordance with previously 

established transcriptional dysregulation (R=0.72, p<0.0001) supporting a robust 

transcriptional phenotype for zQ175 animals between datasets (Figure 4.16A). To assess 

the impact of Pias1 KD per a genotype, we employed the same scatterplot and correlation 

analysis comparing zQ175 treated animals with WT treated animals. A significant, negative 

concordance was observed (R=-0.02, p<0.05), further supporting a disease-specific 

function and impact of Pias1 modulation in HD (Figure 4.16B). 

 

To determine the impact of miPias1.3 treatment on previously established, disease gene 

networks, our datasets were analyzed against disease correlated co-expression modules 

identified in the allelic series (Langfelder et al., 2016). KD of Pias1 significantly rescued 

M11, M20, and M39 modules while having a modest but not significant rescue in others 

(M2, M25, M34, M1, M10, M43, M46) and slightly but not significantly exacerbating M7 and 

M9 modules (Figure 4.16C, Table 4.5). Of interest, significant rescues in both M20 and M39 

support a role for Pias1 regulating DNA damage repair pathways through p53 signaling and 

ubiquitination pathways respectfully (Galanty et al., 2009). M11 module is glial and 
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immune response related, further implicating Pias1 KD in neuroinflammatory responses. 

The remaining co-expression modules that are modestly rescued by Pias1 KD are enriched 

for genes involved in synaptic function and Huntington’s disease associated pathways 

(Table 4.5). The slightly exacerbated M52 module confirms the negative regulatory role of 

Pias1 in modulating NfkB inflammatory pathways, with KD potentially further activating 

this module (Liu et al., 2005). Interestingly, both M7 and M9 exacerbated modules suggests 

a worsening of neuronal signaling in response to oxidative stress, synaptic transmission, 

and cell death. This was unexpected due to the normalization effect observed in our 

previous analysis for synaptic-related functions but may suggest Pias1 is serving to 

counterbalance disease-associated signaling insults. Overall, data further supports that KD 

of Pias1 impacts neuronal function and synaptic components, as well as inflammatory 

regulation. Our data for genotype effects highly correlates with previously published zQ175 

transcriptional data and the analysis revealed a significant impact on disease-associated 

DNA damage repair pathways with Pias1 modulation in HD. 

 

Pias1 modulates Pnkp enzymatic activity for effective DNA repair at 8 months of age 

In Chapter 3, we showed that PIAS1 can serve as an E3 ligase for PNKP and that genetic 

reduction of PIAS1 in human iPSCs differentiated into medium spiny neurons rescued 

mHTT-perturbed enzymatic activity of PNKP. That data provided new evidence for PIAS1 

as a SUMO E3 ligase that selectively modulates DNA damage repair pathways in neurons. 

Given those results and transcriptomic data above showing that Pias1 KD rescues DNA 

damage-associated disease modules in HD mice (M20 and M39), we analyzed enzymatic 

activity of Pnkp in vivo. Activity was assessed using 32P-labeled 3’-phosphate-containin 
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oligo substrate and Pnkp-containing tissue lysates from GFP+ regions of 8-month old 

zQ175 WT and zQ175 females treated with Saline, miSafe, or miPias1.3 pre-

symptomatically. HD animals recapitulated reduced enzymatic activity of Pnkp (Gao et al., 

2019), and excitingly, miPias1.3 treatment rescued this perturbed activity (Figure 4.17A) 

similar to that observed in human neurons (Chapter 3). Together in vivo data provides 

additional evidence for a role for Pias1 in DNA damage repair pathways in the brain. 

 

 
Figure 4.16: Pre-symptomatic Pias1 KD rescues disease-associated modules from 
zQ175 allelic series. A) Disease signatures from our zQ175 data has high concordance 
with published allelic series (Langfelder et al., 2016). B) Slight anticorrelation is observed 
in genes changed between WT and Het miPias1.3 treated vs miSafe treated animals; 
suggesting disease-specific functional impact with modulation of PIAS1. C) Manhattan plot 
of rescue score from combined mRNAseq data sets shows rescue and exacerbation of 
disease-associated transcriptional modules. Analysis and figure completed by Peter 
Langfelder, PhD, Yang lab, UCLA. 
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Pias1 KD affects levels of DNA damage at different ages in zQ175 mice 

Given the rescue of Pnkp enzymatic activity in vivo with miPias1.3 treatment and the 

significant rescue in DNA damage disease-associated zQ175 transcriptional modules, we 

assessed levels of the DNA damage marker γH2AX and Pnkp protein levels by western blot 

in all cohorts of zQ175 pre-symptomatic and symptomatic treated animals. In the 8 month-

old animals, a significant interaction was detected in levels of γH2AX, suggesting a disease-

dependent functional consequence of modulating Pias1 (Interaction: F(1, 10) = 26.940, 

p<0.001). Specifically, levels were increased at baseline in zQ175 control mice and 

significantly decreased with miPias1.3 treatment. For WT animals, a potential increase in 

levels of γH2AX was detected after KD (Figure 4.17B). Pnkp was detected in the Soluble 

fraction only and was unchanged (Genotype: F(1, 9) = 0.040, p>0.05; Treatment: F(1, 9) = 

0.970, p>0.05, Figure 4.17B). 

 

In 13.5-month old mice with pre-symptomatic miPias1.3 treatment, no significant 

treatment effects in levels of γH2AX were detected in either male (Treatment: F(1, 8) = 

2.843, p>0.05) or female (Treatment: F(1, 10) = 1.675, p>0.05) animals (Figure 4.18C, D). 

No genotype effects were observed (Males: F(1, 8) = 1.379, p>0.05; Females: F(1, 10) = 

1.379, p>0.05). Levels of Pnkp were unchanged in male mice (Genotype: F(1, 8) = 0.001, 

p>0.05; Treatment: F(1, 8) = 0.552, p>0.05) but showed a significant interaction in female 

mice (Interaction: F(1, 9) = 8.001, p<0.05, Figure 4.17D). However, post-hoc analysis failed 

to reveal source of this interaction. 
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Figure 4.17:  Pias1KD effects DNA damage repair in zQ175 mice. A) mHTT-perturbed 
enzymatic activity of repair enzyme PNKP in the striatum is rescued with Pias1 KD. 
Western blot analysis of Soluble/Insoluble fractionation of striatal tissue from B) 8 month-
old male mice with pre-symptomatic miPias1.3 treatment. C) 13.5 month-old male mice 
with pre-symptomatic treatment. D) 13.5 month-old female mice with pre-symptomatic 
treatment. E) 13.5 month-old male mice with symptomatic treatment. F) 13.5 month-old 
female mice with symptomatic treatment. Black arrows indicated quantified Pnkp protein 
band which corresponds to unmodified positive control of overexpressed Pnkp (not 
shown). Higher bands are suggested to be post-translational modifications of Pnkp as 
observed in Chapter 3. Protein normalized to total protein stain. Normalized relative 
protein abundances for all samples for pre-symptomatic treated animals were analyzed by 
2-way ANOVA followed by Tukey’s multiple comparison test. All samples for symptomatic 
treated animals were analyzed by 1-way ANOVA followed by Tukey’s multiple comparison 
test. ns = not significant, *p<0.05, **p<0.01, values represent means ± SEM. Shaded bars 
represent miPias1.3 treated animals. Panel A data and figure generated in collaboration 
with Sarkar lab, UTMB. 
 

In 13.5-month old mice with symptomatic miPias1.3 treatment, more γH2AX was observed 

in zQ175 males at 13.5 months of age (F(2, 9) = 6.742, p<0.05) with levels of damage in 

miPias1.3 treated zQ175 mice being statistically insignificant from control WT animals, 

suggesting a rescue in accrued DNA damage (Figure 4.17E). This affect was not observed in 

female mice (F(2, 11) = 3.849, p>0.05, Figure 4.17F). Levels of Pnkp remained unchanged 

in this cohort (Males: F(2, 9) = 0.119, p>0.05; Females: F(2, 11) = 0.490, p>0.05). 

Symptomatic miPias1.3 treatment in zQ175 mice may therefore rescue accrued DNA strand 

breaks in males only. Further assessment of DNA damage repair pathways remains to be 

assessed as perturbation of PNKP enzymatic activity results in hyperactivation of ATM-

mediated signaling (Gao et al., 2019). Reducing Pias1 in these animals did not impact the 

level of detectable, unmodified Pnkp protein. 
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DISCUSSION 

Here we investigated the molecular impact of Pias1 reduction in the striatum of the knock-

in zQ175 mouse model of HD to address the temporal contribution of Pias1 towards HD 

pathogenesis in different disease stages and in the context of full-length mHTT. Further, we 

investigated the molecular contribution of Pias1 to DNA damage repair in vivo to compare 

to our data obtained in human neurons (Chapter 3). We now show that Pias1 KD rescues 

mHTT-associated perturbation of Pnkp enzymatic activity in two models of HD: Human 

patient, iPSC-derived medium spiny neurons and a full-length KI mouse model (Figure 3.X, 

Figure 4.18) and normalizes aberrant genotype-associated transcriptional profiles in vivo. 

Since impaired Pnkp activity previously corresponded to decreased genomic integrity in 

HD neurons (Gao et al., 2019), observed normalization effect may be due to increased 

stability of normalized genes. Levels of Pnkp remained unchanged with KD however, 

suggesting that SUMOylation may not mediate clearance. Pias1 may therefore either be 

modulating subcellular localization or recruitment of Pnkp through SUMOylation or 

SUMOylation may prevent activation without directly influencing clearance of this repair 

factor (Chapter 3). While the functional contribution of PNKP SUMOylation remains to be 

elucidated, Pias1 KD also rescued DNA damage related transcriptional modules associated 

with disease. Together this data suggests that Pias1 is modulating a conserved DDR 

mechanism in response to transcription-linked genomic instability in the brain. 

 

Pias1 serves as a negative inhibitor of NfkB signaling (Liu et al., 2005). In R6/2 mice, Pias1 

KD restored perturbed localization of NfkB and normalized inflammatory responses 

(Ochaba et al., 2016). In our current study, Pias1 modestly impacted inflammatory 
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readouts in older zQ175 mice. With pre-symptomatic treatment, Pias1 KD may have in part 

restored resting state of microglia in male mice with a corresponding increase in soluble 

NfkB. With symptomatic treatment, an opposite effect was observed for microglial 

activation, potentially suggesting a shift in inflammatory balance during symptomatic 

disease stages that is exacerbated with Pias1 KD. However, baseline inflammatory profiles 

may have influenced the impact of Pias1 KD in zQ175 mice. A key biochemical difference 

observed between zQ175 mice and R6/2 mice was the lack of a HD-associated increase in 

insoluble/nuclear Pias1 in zQ175 mouse striatum. In R6/2 mice, Pias1 was significantly 

increased in the Insoluble fraction and miPias1.3 treatment specifically reduced insoluble 

Pias1 protein levels only (Ochaba et al., 2016). Reduction in this species specifically 

corresponded to normalization of inflammatory profiles and was accompanied by a 

decrease in insoluble accumulated HMW mHTT. No increased insoluble Pias1 was observed 

in zQ175 mice compared to WT controls in any group assessed (Figures 4.4, 4.9, 4.13). 

Additionally, no insoluble NfkB was detected (data not shown). Therefore, it is possible that 

zQ175 mice display a differential baseline of Pias1 activity/function based on localization 

as compared to the R6/2 mouse model. This difference may be why levels of insoluble 

Pias1 remained unchanged in zQ175 mice with KD and in part, might account for the lack of 

impact observed on behavior and HMW mHTT accumulation. Further, this difference might 

have potentially influenced the modest impact on inflammatory readouts in this study. 

Future studies will investigate the functional contributions of insoluble versus soluble 

Pias1 on molecular pathways, particularly inflammatory networks. 
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Modulating Pias1 in pre-symptomatic zQ175 mice strongly impacted synaptic networks at 

13.5 months of age at the transcriptional level. Synaptic abnormalities in HD patients have 

been well characterized, with changes often preceding neuronal degeneration and likely 

accounting for some of the earliest, cognitive and psychiatry symptoms observed during 

disease pathogenesis (Nithianantharajah and Hannan, 2013). As a result of an imbalance 

between excitatory and inhibitory neurotransmission, HD mice have alterations in number 

of GABAergic, glutamatergic, and dopaminergic receptors (Nithianantharajah and Hannan, 

2013). zQ175 mice also have altered neurotransmission and synaptic vesicle release (Chen 

et al., 2018; Heikkinen et al., 2012). This may be due to a loss of Htt function as conditional 

cortical knock-out of Htt impairs synaptic formation and maturation (McKinstry et al., 

2014). Further, Htt is localized at post-synaptic spines, interacts with synaptic-associated 

proteins, and functions in vesicular trafficking of Bdnf (Gauthier et al., 2004; 

Nithianantharajah and Hannan, 2013). Indeed, loss of Bdnf decreases trophic support 

necessary for activity-dependent dendritic spine strengthening thereby affecting synaptic 

plasticity (Bramham and Messaoudi, 2005; Jia et al., 2010), with exogenous Bdnf providing 

neuroprotective affects in HD animals (Lynch et al., 2007). In the current study, levels of 

Bdnf transcript were elevated in control zQ175 mice compared to control WT animals at 

13.5 months of age. This is consistent with the zQ175 allelic series transcriptional profile 

(Langfelder et al., 2016) and may represent a compensatory overexpression for decreased 

trophic support in HD animals relatively early in disease. With Pias1 KD, levels of Bdnf 

transcript decreased, suggesting a normalizing impact on aberrant transcription. 
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Transcription of Bdnf was not the only normalizing affect observed for Pias1 KD in our 

mRNAseq analysis. Looking further, biological processes enriched from GO analysis such as 

regulation of trans-synaptic signaling and modulation of chemical synaptic transmission 

were genotype-specific networks modulated by Pias1 KD. Specifically, the DEGs that were 

contributing to these processes in our data set showed a majority with inverse fold changes 

with Pias1 KD compared to control zQ175 mice, suggesting that miPias1.3 treatment 

normalized aberrant transcription associated with disease progression in these animals 

(Figure 4.5). We hypothesize this may be in part due to facilitated repair of key neuronal 

genes. Therefore, increasing activity of Pnkp and thereby DNA repair with Pias1 KD may 

have a direct impact on genomic stability in zQ175 mice. Increased genomic integrity 

would then facilitate neuronal health and promote synaptogenesis or strengthen existing 

synapses. Direct measurements of genomic integrity of normalized genes will allow testing 

of this hypothesis. Additionally, assessing stability of the HTT CAG-repeat expansion in 

zQ175 mice will determine if modulating Pias1 and subsequently TCR impacts expansion 

propensity. 

 

An alternative mechanism is that SUMOylation of transcription factors for synaptic genes 

may be modulated by Pias1 KD. Pias1 serves as an E3 ligase for neuronal transcription 

factors ((Estruch et al., 2016; Gregoire and Yang, 2005; Riquelme et al., 2006; Tai et al., 

2016), Table 2) including CREB whose activity is impaired by the mHTT containing TCR 

complex (Chen et al., 2014; Gao et al., 2019). Indeed, CREB was consistently regulated with 

Pias1 KD at both 8 and 13.5 months of age as determined by IPA upstream analysis (Figure 

4.5, Figure 4.15), supporting this possibility. Mef2a is also SUMOylated by PIAS1, with 
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SUMOylation serving to repress transcription of genes such as synaptotagmin1 (Syt1) 

which itself is SUMOylated (Gregoire and Yang, 2005; Matsuzaki et al., 2015; Riquelme et 

al., 2006; Yamada et al., 2013). SUMOylated Mef2a increases the number of PSD95-positive 

dendritic claws while also suppressing orphaned presynaptic sites, suggesting that 

SUMOylated Mef2a contributes to synapse maturation during development (Shalizi et al., 

2006; Yamada et al., 2013). Interestingly, levels of Syt1 in our mRNAseq data were 

decreased with Pias1 KD in zQ175 mice at 13.5 months of age, opposite  to what would 

have been expected if there was a decrease in Mef2a SUMOylation by Pias1 (Yamada et al., 

2013). No change in Mef2a transcription was observed in with Pias1 KD in any group, 

indicating we may not have affected expression as opposed to function or localization 

mediated through SUMOylation of transcription factors. Further, some transcription factors 

may be uncharacterized SUMO substrates. Therefore, it remains possible that Pias1 KD is 

mediating synaptic function in zQ175 striatum by directly affecting SUMOylation of 

transcription factors required to facilitate production of protein products needed for 

synaptic maturation. Directly targeting SUMOylation of these transcription factors may 

account in part for the observed impact on transcriptional networks associated with 

synaptic function (Figure 4.5, Figure 4.15). Analysis of transcription factors associated with 

synaptic transcription will need to be assessed at the protein level to determine if this 

mechanism is contributing to the observed transcriptional impact of Pias1 KD on synaptic 

networks. 

 

Finally, Pias1 may also directly modulate SUMOylation of proteins involved in synaptic 

development, function, and health. SUMOylation can modulate synaptic activity by 
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dynamically mediating protein subcellular distribution and function (see (Schorova and 

Martin, 2016) and (Henley et al., 2018) for comprehensive reviews). Several synaptic 

proteins themselves are SUMOylated which often associates with repressive functional 

consequences and therefore has been attributed to a potential neuroprotective effect to 

prevent excitotoxic events in response to neuronal injury ((Peters et al., 2017), Table 3). 

This highlights the importance of maintaining SUMO-related proteostatic balance to ensure 

cellular survival. Supporting this, overexpression of SUMO1 in the mouse brain leads to 

impairments in learning and memory associated with reduction in synaptic transmission 

and presynaptic function (Matsuzaki et al., 2015). Though the direct mechanism is unclear, 

imbalance in the SUMO landscape in the brain leads to neuronal malfunction and suggests a 

potential direct impact on synaptic health with reduction of an E3 ligase promoting 

SUMOylation. Signaling feedback may then result in observed transcriptional changes. 

Whether or not Pias1 directly modulates localization or SUMOylation of these proteins 

remains to be investigated. Overall, KD of Pias1 significantly impacted synaptic and 

neuronal gene networks, highlighting a potential modulatory function of Pias1 towards 

mediating HD-associated synaptic malfunction (Nithianantharajah and Hannan, 2013). 

 

The most consistently regulated gene assessed with Pias1 KD in zQ175 mice was Bcl2l2, 

also known as Bcl-w, which could suggest that Pias1 may mediate apoptotic and survival 

pathways in the brain. Bcl2l2 is a member of the Bcl-2 family of genes that serve as fate 

determinants by having dual, antagonizing functions (Youle and Strasser, 2008). Some 

family members such as Bax and Puma are pro-apoptotic while others including Bcl-2, 

Bcl2l2, and Bcl-xL have anti-apoptotic function. These family members antagonize each 
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other either directly or indirectly with the pro-death members preventing Bax-mediated 

cytochrome-c release from the mitochondria (Wei et al., 2001; Yang et al., 1997; Youle and 

Strasser, 2008). If the balance of pro and anti-apoptotic family members shifts towards the 

former, Bax is free to bind to the mitochondrial outer membrane and trigger caspase- 

mediated apoptosis (Dewson and Kluck, 2009; Jurgensmeier et al., 1998). Due to this 

intricate balance of pro-death and pro-survival signals, the ratio of Bax-to-Bcl-2 is often 

used as a metric for evaluating apoptosis potential (Kilbride and Prehn, 2013; Korsmeyer, 

1999; Oltvai et al., 1993). Together, these family members in part dictate the fate of 

neuronal development, connections, and survival (Akhtar et al., 2004). Future studies into 

the balance of Bax and Bcl2l2 proteins in zQ175 mice with Pias1 KD would further test this 

hypothesis. 

 

It is exciting that of the genes assessed, Bcl2l2 specifically was elevated with miPias1.3 

treatment in zQ175 mice since the presence of Bcl2l2 in the axons of sensory neurons is 

critical for their survival under trophic deprivation (Courchesne et al., 2011; Simon et al., 

2016). This balances the observation that Bax mediates axonal degradation (Nikolaev et al., 

2009) as well as neuronal death during development (Deckwerth et al., 1996) with 

decreases in trophic support. Indeed, there are neuroprotective roles for the pro-survival 

side of the Bcl-2 family in nervous system development and brain or spinal cord after 

injury, including loss of neurotrophic support (i.e. Bdnf, Ngf, etc., (Anilkumar and Prehn, 

2014)). BDNF deficiency is a hallmark of HD (Ferrer et al., 2000; Zuccato and Cattaneo, 

2009). Further, dysregulation of the Bcl-2 family has been well documented in numerous 

models of HD (Sassone et al., 2013). Therefore, inducing expression of pro-survival Bcl2l2 
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with Pias1 KD may counterbalance the decreased trophic support seen within the HD 

striatum, ultimately promoting neuronal survival and strengthening sensory axons. 

 

The observed differences between pre-symptomatic and symptomatic KD of Pias1 in this 

study suggest that Pias1 may have different functional contributions towards HD 

pathogenesis dependent on disease stage. The characterized embryonic lethality of Pias1 

knock-out mice highlights an important role in development, particularly in angiogenesis 

(Constanzo et al., 2016), indicating that targeting Pias1 at different ages may have specific 

functional outcomes. Our data suggests that Pias1 may contribute to compensatory 

mechanisms attempting to maintain neuronal homeostasis under genotoxic stress in 

neurodegenerative disease (Vanni et al., 2019). Overall, we saw significant Pias1 KD at all 

stages tested at the transcript level. For symptomatic-treated animals, we only observed 

significant Pias1 KD at the protein level in the soluble fraction of female striatal lysates. At 

13.5 months of age, no reduction in Pias1 protein levels were observed for pre-

symptomatic treated animals, suggesting a compensatory proteostatic mechanism to 

combat the reduced production of Pias1 transcript. These findings suggest that an optimal 

window for targeting Pias1 mediated mechanisms may be at earlier disease stages. Even 

with no observed changes in Pias1 protein at 13.5 months of age, reduced level of Pias1 

transcript was observed along with robust transcriptional changes in both WT and zQ175 

mice. Seeing that significant reduction in Pias1 protein was observed at our earlier time-

point, data suggests a long-term, rippling effect of Pias1 KD in these animals during aging 

which could be considered for future therapeutic studies. 
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SUMMARY AND NEXT STEPS 

Intrastriatal viral KD of Pias1 in the long term, knock-in zQ175 mouse model of HD 

restored Pnkp enzymatic activity and normalized disease-associated transcriptional 

dysregulation in these animals. Overall, Pias1 KD had little to no effect on behavioral 

readouts in zQ175 animals. Pre-symptomatic KD specifically had the strongest effect on 

molecular readouts, suggesting that targeting Pias1 in this disease stage could aid in 

restoring homeostatic balance. Unexpectedly, Pias1 KD had little effect on accumulation of 

HMW mHTT suggesting that Pias1 and SUMOylation may not be mediating solubility or 

aggregation propensity of mHTT in this disease context, potentially due to lack of impact on 

levels of insoluble Pias1 with KD. The robust and cross-model impact on Pnkp enzymatic 

activity, however, provides evidence that Pias1 may be mediating DDR in vivo. Future 

experiments to elucidate the exact modulatory mechanism of Pias1 on synaptic structure 

and function remain to be completed. Such experiments would include high resolution 

microscopy to visualize synaptic structures with Pias1 KD as well as proteomic analysis of 

SUMO-containing synaptosomes to assess potential direct mechanisms. Further, assessing 

levels and chromatin binding of SUMO-targeted transcription factors that mediate synaptic 

transcription would identify indirect mechanisms for Pias1 mediating synaptic structure 

and function. Finally, assessing the functional impact of modulating pro-survival gene 

Bcl2l2, such as assessing caspase activation or the balance of Bcl-2 protein family members, 

may further elucidate how Pias1 KD could be neuroprotective and a viable therapeutic 

target for treatment of HD. 
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EXPERIMENTAL PROCEDURES 

Animals 

Knock-in, zQ175 mice were obtained from CHDI colony, bred in house, genotyped, and aged 

to approximately 13.5 months of age.  CAG repeat sizing of genomic DNA harvested from 

tails was performed by Laragen. Experiments were carried out in strict accordance with 

the Guide for the Care and Use of Laboratory Animals of the NIH and an approved animal 

research protocol by the Institutional Animal Care and Use Committee (IACUC) at the 

University of California, Irvine. Animals were humanely euthanized by an over injection of 

Euthasol followed by whole body perfusion with 1x-PBS and cervical dislocation. 

 

Surgery 

At 2.5 months of age and 7.5 months of age, zQ175 mice were anesthetized using isoflurane 

and underwent bilateral intrastriatal injections using a dual injection stereotaxic apparatus 

(coordinates 0.01 mm caudal to bregma, 0.2 mm right/left of midline, 0.345 pocket to 

0.325 mm ventral to pial surface) as previous (Ochaba et al., 2016). 5 µl of AAV2/1 virus 

containing miPIAS1.3 CMVeGFP or miSAFE CMVeGFP at ~ 3e12 vg/ml was injected using a 

Hamilton syringe at a rate of 0.5 µl/min. Syringe was left in place for 5 minutes after each 

injection to ensure complete ejection of viral solution into brain region. Animals were 

allowed to recover for 1 week under observation prior to beginning behavioral analysis. 

 

Behavioral Paradigms 

For zQ175 PIAS1 pre-symptomatic knock-down cohorts, animal body weights were 

measured weekly over the course of the studies. Motor deficits were assessed by a running 
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wheel (0297-0521-D60; Columbus Instruments) at 7 or 9 months of age months of age 

depending on date of sacrifice. Running wheel usage was constantly monitored over two 

weeks and collected in three minute bins using Multi-Device System software 24-Channel 

Version 1.55 (160640; Columbus instruments). Data from dark phase only was analyzed 

for significance over the two week period. Motor learning was calculated as previously 

described (Hickey et al., 2008). Briefly, slopes were calculated using formula (Y2-Y1)/(X2-

X1) where Y2 is wheel usage per bin on night 10 and X2 is 10 (night 10), and Y1 is wheel 

usage per bin on night 2 with X1 as 2. 

 

Rotarod was also used to assess motor deficits in these mice using an accelerating 

apparatus (Dual Species Economex Rota-Rod; 0207-003M; Columbus Instruments) at 9.5 

and 12.5 months of age under blinded conditions. Animals were tested over two days with 

four trial runs each day consisting of 5 minute trial periods. The first trial for each test day 

was used as a training trial and not used in final calculations. The latency to fall for the 

three final trials on day 2 of testing were averaged and analyzed for significance. 

 

To assess impairments in anxiety, and as an additional motor task, animals were subjected 

to open field test at 7.5 months of age and 12.5 months of age when applicable. Mice were 

allowed to explore an empty open field box for 5 minutes. Activity during these five 

minutes was recorded and analyzed automatically using Ethovision™ Software by 

determining time spent in the center and on the periphery of the open field in addition to 

average velocity and distance traveled over the 5 minute test period. Velocity and distance 
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traveled during the open field trials were used as measures of motor performance while 

percent time spent in center was used as a measure of anxiety. 

 

Immunofluorescence protocol 

Brain tissue samples used for immunofluorescence were from animals humanely sacrificed 

as described above. 40µm coronal brain slices from flash frozen, previously preserved 

hemispheres were washed three times in 1xPBS and then blocked in 5% goat serum with 

0.2% Triton-X blocking solution for 1 hour at room temperature. After blocking, slices were 

incubated in primary antibody in blocking solution overnight while rocking at 4°C. The 

following day, slices were washed 3 times in 1xPBS followed by incubation in secondary 

antibody in blocking solution for 1 hour at room temperature. Slices were washed a final 3 

times with 1x PBS prior to mounting on slides using fluoromount mounting media and 

imaged using confocal microscopy. The following antibodies were used: anti-Iba1 (Wako 

Pure Chemicals Industries 27030) and DAPI was used as a nuclear stain. To measure 

microglia number and cell body diameter, Imaris Bitplane analysis software was run using 

region-growing spot detection analysis on Iba1+ cells. 

 

Tissue and cell protein lysis, quantification, and Western Blot analysis 

Flash frozen brain tissue was prepared as previous (Ochaba et al., 2016; Ochaba et al., 

2018). Protein fractions were quantified using detergent compatible (DC) protein assay 

(Bio-Rad). Soluble protein lysates were resolved on 4-12% Bis-Tris Poly-Acrylamide gels 

and transferred onto either 0.45µM or 0.2µM nitrocellulose membrane depending on size 

of proteins of interest (smaller proteins on 0.2µM). Insoluble protein lysates were resolved 
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on 3-8% Tris-Acetate Poly-Acrylamide gels and transferred onto 0.45µM nitrocellulose 

membrane. Membranes were blocked in Odessey starting block (Li-Cor) for 1 hour at room 

temperature and probed in primary antibody overnight at 4°C in blocking supplemented to 

0.5% tween. Secondary IR-fluorophore antibodies were used and detected using a Li-Cor 

Odyssey CLx system. IR fluorescence imaging was used for quantitative analysis with 

detected protein levels normalized to Revert Li-Cor whole-protein stain prior to statistical 

analysis. Antibodies used for analysis were anti-PIAS1 (Cell Signaling 3550S), anti-HTT 

(Millipore MAB5492, HMW mHTT), anti-HTT (Cell Signaling 5656S, clone D7F7 for FL-

HTT), anti-GFP (Living Colors, Clontech Laboratories 632381), anti-NfkB (Cell Signaling 

8242S), anti-Il-6 (Mouse specific, Cell Signaling 12912T), anti-PNKP (Novus Biologicals 

NBP1-87257), and anti-γH2AX (Millipore 05-636). 

 

RNA purification, qPCR, mRNASeq 

GFP+ flash frozen brain regions were homogenized in TRIzol reagent (Invitrogen) and RNA 

was extracted according to manufacturer’s protocol and purified using RNEasy Mini kit 

(QIAGEN). Residual DNA was removed by DNase treatment incorporated into RNEasy 

protocol as per manufacturer’s suggestion. RNA was submitted for mRNAseq as described 

previously (Vashishtha et al., 2013). Differentially expressed genes were generated using 

DEseq2 (Love et al., 2014) and a significance threshold was set at a 10% FDR. Enrichment 

analysis was completed using GOrilla (Eden et al., 2009) and Ingenuity Pathway Analysis 

software. To confirm differentially regulated genes identified in mRNAseq studies, reverse 

transcription was performed using SuperScript 3 First-strand synthesis system according 

to manufacturer’s protocol (Invitrogen) from harvested and purified RNA. Both oligo (dT) 
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and random hexamer primers were used in a 1:1 ratio. Final synthesized cDNA was diluted 

to 5ng/ul in DEPC treated water and stored at -20°C until use. Primers used for qPCR were: 

Eif4a2 (F: GTGGACTGGCTCACGGAGAAAA, R: AGAACACGGCTTGACCCTGATC),  

Pias1 (F: CTGCACAGACTGTGACGAGATAC, R: CGCTACCTGATGCTCCAATGTG),  

NeuroD2 (F: GCTACTCCAAGACGCAGAAGCT, R: CACAGAGTCTGCACGTAGGACA),  

NeuroD1 (F: CCTTGCTACTCCAAGACCCAGA, R: TTGCAGAGCGTCTGTACGAAGG),  

Bdnf (F: TCGTTCCTTTCGAGTTAGCC, R: TTGGTAAACGGCACAAAAC),  

Pde4a (F: CCGTGTTCACAGACCTGGAGAT, R: GGTGGTTCTCAAGCACAGACTC),  

Syn1 (F: TATGCCACTGCTGAGCCCTTCA, R: ATGGCAATCTGCTCAAGCATAGC),  

Syn2 (F: CCTGCTCTGAAATGTTTGGTGGC, R: TCTGTCCTCCACTTGGTGTTCC),  

Rnf112 (F: AAGTGGAAGCCGCCAAGAAGGA, R: AGGAGGTTCCTCATCGTGTCAG),  

Bcl2l2 (F: CAAGTGCAGGATTGGATGGTGG, R: CTGTCCTCACTGATGCCCAGTT). 

 

Pnkp enzymatic activity 

3’-phosphatase PNKP enzymatic activity from nuclear and mitochondrial extracts was 

performed as previously described (Chakraborty et al., 2015; Gao et al., 2019). A 3’-

phosphate oligo (51-mer), 32P-labeled, containing a single strand break was used to assess 

activity by measuring the amount of released 3’ phosphate from radio-labeled substrate as 

analyzed by 20% Urea-PAGE and PhosphorImager. The percent of phosphate release was 

represented as compared to total radiolabeled substrate (as 100). 
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Statistical Analysis 

All data represented as mean ± SEM with a p value of p<0.05 considered statistically 

significant. Analyses were completed in GraphPad Prism software. IR-fluorescent intensity 

values were obtained from western blots using Li-Cor imaging software, Image Studio and 

normalized to total protein stain, Revert. Normalized protein abundance levels were the 

subjected to 2-way ANOVA to assess changes in protein levels with the exception of HMW 

mHTT analysis which was with Student’s unpaired 2-tailed t-test. Statistical analysis was 

completed of the delta CT (dCT) values obtained from qPCR reactions normalized to Eif4a2. 

All 2-way ANOVAs were followed by Tukey’s multiple comparisons test. 
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Table 4.1: Statistical outputs for zQ175 pre-symptomatic Pias1 KD cohorts. 
 

Age at 
Sac 

Behavioral 
task 

n (m,f,c) Genotype effect Treatment effect Interaction 

13.5 

Open Field 
7.5 Mon. 
(Distance 
Traveled) 

7-8, 5-9, 
12-17 

M: F(1, 26) = 6.420, p<0.05 
F: F(1, 23) = 7.911, p<0.01 

C: F(1, 51) = 13.080, p<0.001 

M: F(1, 26) = 2.845, p>0.05 
F: F(1, 23) = 2.814,  p>0.05 
C: F(1, 51) = 0.898,  p>0.05 

M: F(1, 26) = 0.012, p>0.05 
F: F(1, 23) = 0.012, p>0.05 

C: F(1, 51) = 0.0651, p>0.05 

13.5 
Open Field 

7.5 Mon. 
(Velocity) 

7-8, 5-9, 
12-17 

M: F(1, 26) = 6.420, p<0.05 
F: F(1, 23) = 7.911, p<0.01 

C: F(1, 53) = 11.900, p<0.01 

M: F(1, 26) = 2.845, p>0.05 
F: F(1, 23) = 2.814, p>0.05 
C: F(1, 53) = 0.253, p>0.05 

M: F(1, 26) = 0.012, p>0.05 
F: F(1, 23) = 0.012, p>0.05 
C: F (1, 53) = 0.013, p>0.05 

13.5 

Open Field 
7.5 Mon. 
(Center 

time) 

7-8, 5-9, 
12-17 

M: F(1, 26) = 0.099, p>0.05 
F: F(1, 23) = 0.204, p>0.05 
C: F(1, 53) = 0.526, p>0.05 

M: F(1, 26) = 1.039, p>0.05 
F: F(1, 23) = 0.033, p>0.05 
C: F(1, 53) = 0.850, p>0.05 

M: F(1, 26) = 1.070, p>0.05 
F: F(1, 23) = 0.049, p>0.05 
C: F(1, 53) = 0.822, p>0.05 

13.5 

Open Field 
12.5 Mon. 
(Distance 
Traveled) 

7-8, 5-9, 
12-17 

M: F(1, 26) = 0.302, p>0.05 
F: F(1, 23) = 1.311, p>0.05 
C: F(1, 53) = 0.831, p>0.05 

M: F(1, 26) = 0.156, p>0.05 
F: F(1, 23) = 1.617, p>0.05 
C: F(1, 53) = 1.091, p>0.05 

M: F(1, 26) = 0.681, p>0.05 
F: F(1, 23) = 0.146, p>0.05 
C: F(1, 53) = 0.104, p>0.05 

13.5 
Open Field 
12.5 Mon. 
(Velocity) 

7-8, 5-9, 
12-17 

M: F(1, 26) = 0.302, p>0.05 
F: F(1, 23) = 1.311, p>0.05 
C: F(1, 53) = 0.831, p>0.05 

M: F(1, 26) = 0.156, p>0.05 
F: F(1, 23) = 1.617, p>0.05 
C: F(1, 53) = 1.091, p>0.05 

M: F(1, 26) = 0.681, p>0.05 
F: F(1, 23) = 0.146, p>0.05 
C: F(1, 53) = 0.104, p>0.05 

13.5 

Open Field 
12.5 Mon. 

(Center 
time) 

7-8, 5-9, 
12-17 

M: F(1, 26) = 0.615, p>0.05 
F: F(1, 23) = 3.092, p>0.05 
C: F(1, 53) = 1.802, p>0.05 

M: F(1, 26) = 0.553, p>0.05 
F: F(1, 23) = 0.013, p>0.05 
C: F(1, 53) = 0.388, p>0.05 

M: F(1, 26) = 0.185, p>0.05 
F: F(1, 23) = 0.202, p>0.05 
C: F(1, 53) = 0.397, p>0.05 

13.5 
Rotarod 

(9.5 Mon.) 
7-8, 5-9, 

12-17 

M: F(1, 26) = 11.030, p<0.01 
F: F(1, 23) = 9.185, p<0.01 

C: F(1, 53) = 20.290, 
p<0.0001 

M: F(1, 26) = 0.232, p>0.05 
F: F(1, 23) = 0.007, p>0.05 
C: F(1, 53) = 0.014, p>0.05 

M: F(1, 26) = 0.748, p>0.05 
F: F(1, 23) = 0.006, p>0.05 
C: F(1, 53) = 0.135, p>0.05 

13.5 
Rotarod 

(12.5 Mon.) 
7-8, 5-9, 

12-17 

M: F(1, 26) = 6.476, p<0.05 
F: F(1, 23) = 3.206, p>0.05 
C: F(1, 53) = 9.958, p<0.01 

M: F(1, 26) = 0.046, p>0.05 
F: F(1, 23) = 0.040, p>0.05 
C: F(1, 53) = 0.006, p>0.05 

M:F(1, 26) = 4.473, p<0.05 
F: F(1, 23) = 0.857, p>0.05 
C: F(1, 53) = 0.590, p>0.05 

13.5 
Weight 

(13.5 Mon) 
7-8, 5-9 

M: F(1, 26) = 47.110, 
p<0.0001 

F: F(1, 23) = 7.078, p<0.05 

M: F(1, 26) = 0.492, p>0.05 
F: F(1, 23) = 2.592, p>0.05 

M: F(1, 26) = 0.002, p>0.05 
F: F(1, 23) = 0.075, p>0.05 

8 

Open Field 
7.5 Mon. 
(Distance 
Traveled) 

4, 5-7, 9-
11 

M: F(1, 12) = 0.655, p>0.05 
F: F(1, 26) = 3.010, p>0.05 
C: F(1, 34) = 1.750, p>0.05 

M: F(1, 12) = 0.102, p>0.05 
F: F(2, 26) = 0.638, p>0.05 
C: F(1, 34) = 0.019, p>0.5 

M: F(1, 12) = 0.062, p>0.05 
F: F(2, 26) = 0.495, p>0.05 
C: F (1, 34) = 0.099, p>0.05 

8 
Open Field 

7.5 Mon. 
(Velocity) 

4, 5-7, 9-
11 

M: F(1, 12) = 0.655, p>0.05 
F: F(1, 26) = 3.010, p>0.05 
C: F(1, 34) = 1.750, p>0.05 

M: F(1, 12) = 0.102, p>0.05 
F: F(2, 26) = 0.638, p>0.05 
C: F(1, 34) = 0.019, p>0.5 

M: F(1, 12) = 0.062, p>0.05 
F: F(2, 26) = 0.495, p>0.05 
C: F(1, 34) = 0.099, p>0.05 

8 

Open Field 
7.5 Mon. 
(Center 

time) 

4, 5-7, 9-
11 

M: F(1, 12) = 7.958, p<0.05 
F: F(1, 26) = 7.219, p<0.05 

C: F(1, 34) = 13.090, p<0.001 

M: F(1, 12) = 0.316, p>0.05 
F: F(2, 26) = 0.220, p>0.05 
C: F(1, 34) = 0.160, p>0.05 

M: F(1, 12) = 6.434, p<0.05 
F: F(2, 26) = 0.263, p>0.05 
C: F(1, 34) = 5.259, p<0.05 

8 
Weight (8 

Mon) 
4, 5-7 

M: F(1,12)=0.907, p>0.05 
F: F(1,26)=2.143, p>0.05 

M: F(1,12)=1.491, p>0.05 
F: F(2,26)=0.846, p>0.05 

M: F(1, 12) = 0.196, p>0.05 
F: F(2, 26) = 1.687, p>0.05 

All groups and tasks analyzed by 2-way ANOVA followed by Tukey’s multiple comparison 
test. p<0.05 considered statistically significant. m=males, f=females, c=combined. 
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Table 4.2: Statistical outputs for zQ175 Symptomatic Pias1 KD cohorts. 
 

Behavioral task n (m,f,c) 1-way ANOVA 

Open Field 12.5 Mon. 
(Distance Traveled) 

6-7, 7-13, 13-19 
M: F(2, 16) = 0.377, p>0.05 
F: F(2, 25) = 0.304, p>0.05 
C: F(2, 44) = 0.385, p>0.05 

Open Field 12.5 Mon. 
(Velocity) 

6-7, 7-13, 13-19 
M: F(2, 16) = 0.378, p>0.05 
F: F(2, 25) = 0.304, p>0.05 
C: F(2, 44) = 0.381, p>0.05) 

Open Field 12.5 Mon. 
(Center time) 

6-7, 7-13, 13-19 
M: F(2, 16) = 0.751, p>0.05 
F: F(2, 25) = 2.580, p>0.05 
C: F(2, 44) = 3.380, p<0.05 

Rotarod (9.5 Mon.) 6-7, 7-12, 13-18 
M: F(2, 16) = 2.736, p>0.05 
F: F(2, 24) = 9.256, p<0.01 
C: F(2, 43) = 12.09, p<0.0001 

Rotarod (12.5 Mon.) 6-7, 7-12, 13-18 
M: F(2, 16) = 2.087, p>0.05 
F: F(2, 24) = 1.580, p>0.05 
C: F(2, 43) = 3.576, p<0.05 

Weight (12.5 Mon) 6-7, 7-12 
M: F(2, 16) = 0.843, p>0.05 
F: F(2, 24) = 4.226, p<0.05 

All groups and tasks analyzed by 1-way ANOVA followed by Tukey’s multiple comparison 
test. p<0.05 considered statistically significant. m=males, f=females, c=combined. 
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Table 4.3:  Top Pias1 KD- modulated DEGs in pre-symptomatic miPias1.3 treated 
animals used for RT-qPCR 
 

Gene 
13.5 months 
FC Het w/KD 

8 Months 
FC Het w/KD 

Pathway/Function 

BDNF -2.492* n/a Neurotrophic growth factor  

Neurod2 -1.965* n/a Neuronal transcription factor 

Neurod1 -1.133* n/a Neuronal transcription factor 

Syn1 -0.456* n/a Synaptic vesicle pathway 

Syn2 -0.295* n/a Synaptic vesicle pathway 

Rnf112 -0.296* -0.629 
Neurogenesis, protection against oxidative 
stress-induced damage 

Pde4a -0.281* -0.303 cAMP signaling  

Bcl2l2 0.315 0.506 
Survival of NGF- and BDNF-dependent 
neurons 

Asterisk indicates normalized genotype DEG with Pias1 KD 
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Table 4.4: Summary heat map of Pias1 KD effect on transcriptional targets in zQ175 
heterozygote animals  
 

Gene 

8 Mon. 
zQ175 

Pre-Symp 
miPias1.3 

13.5 Mon. 
zQ175 

Pre-Symp 
miPias1.3 

male 

13.5 Mon. 
zQ175 

Pre-Symp 
miPias1.3 

female 

13.5 Mon. 
zQ175 
Symp 

miPias1.3 
male 

13.5 Mon. 
zQ175 
Symp 

miPias1.3 
female 

Rnf112 Treatment Treatment No Difference No Difference No Difference 

Bcl2l2 Treatment Treatment Treatment Genotype No Difference 

Pde4a Treatment Treatment No Difference No Difference No Difference 

(Orange = elevated, blue = decreased) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



206 
 

Table 4.5: disease associated transcriptional modules affected by Pias1 KD in zQ175 
mice 

Module GO Term(s) IPA Term(s) 
Enrichment 
Term(s) 

Pias1 
KD 
effect 

Significant 

M11 

Ensheathment of 
neurons 
Fatty acid biosynthetic 
process 

Endothelin-1 signaling 
LPS/IL-1 inhibition of RXR 
Signaling by Rho family GTPase 

Oligodendrocyte 
Astrocyte 
probable 

rescue Y 

M20 
Cell division 
Protocadherin beta 
Zinc finger, CH2H-like 

p53 signaling 
Brca1 in DNA damage response 

Glial marker 
p53 immune 
pathway 

rescue Y 

M39 

Protocadherin beta 
Microtubule 
cytoskeleton 
Ubl conjucation 
pathway 

DNA break repair by NHEJ 
Signaling by Rho family 
GTPases 
Protein ubiquitination pathway 

Oligodendrocyte rescue Y 

M2 

Protein kinase ATP 
binding site 
GTPase regulator 
activity 
Synapse 

GPCR signaling 
cAMP signaling 
Huntington's disease signaling 

Neuron probable 
Postsynaptic 
density proteins 

rescue N 

M25 
Leucine-rich repeat 
Reg. neuron 
differentiation 

Glutamate receptor signaling 
Gαi signaling 
Huntington's disease signaling 

Autism associated 
Neuron probable 

rescue N 

M34 

Regulation of 
transcription 
Chromatin 
modification 
Protocadherin gamma 

LPS-stimulated MAPK signaling 
FGF signaling 
Huntington's disease signaling 

Immune pathway rescue N 

M1 

Purine nucleotide 
binding 
Cellular protein 
localization 
Ubl conjugation 
pathway 

Protein ubiquitination pathway 
tRNA charging 
Huntington's disease signaling 

Neuron 
Postsynaptic 
density proteins 

rescue N 

M10 

Ubl conjugation 
pathway 
Chaperonin TCP-1 
conserved site 
Zinc finger, CH2H-like 

Sonic hedgehog signaling 
RAN signaling 
Amyloid processing 

Down in 
Alzheimer's CA1 
Nuclear proteins 

rescue N 

M43 
Fatty acid catabolic 
process 

Fatty Acid β-oxidation I 
LPS/IL-1 Inhibition of RXR 
14-3-3 mediated signaling 

Postsynaptic 
density proteins 
Mitochondria 

rescue N 

M46 
Protocadherin gamma 
Zinc finger, CH2H-like 

IL-22 signaling 
Glucocorticoid signaling 

Nuclear proteins rescue N 

M52 
Transmembrane region 
VEGF receptor activity 

NF-κB signaling 
Protein kinase A signaling 

JAX disease genes 
Astrocyte 
probable 

Exacer-
bation 

N 

M7 
Cell death 
Oligodendrocyte cell 
fate 

Death receptor signaling 
Phospholipase C signaling 
Axonal guidance signaling 

Oligodendrocyte 
Putamen local 
marker 

Exacer-
bation 

N 

M9 

Mitochondrion 
Protein transport 
Translation elongation 
factor 

Nrf2 oxidative stress response 
Serotonin degradation 

Postsynaptic 
density proteins 
Mitochondria 

Exacer-
bation 

N 
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CHAPTER 5 

Restoration of Pnkp Activity by Pias1 Reduction in R6/2 and Potential Relationship to 

Somatic Repeat Expansion 

 

SUMMARY OF CHAPTER 5 

Pias1 is a SUMO E3 ligase that can modulate molecular and behavioral phenotypes in the 

R6/2 transgenic mouse model of Huntington’s disease (HD). PIAS1 can also modulate DNA 

damage repair pathways in human patient iPSC-derived medium spiny neurons and in the 

striatum of the zQ175 knock-in mouse model of HD (Chapters 3 and 4). Specifically, PIAS1 

SUMOylates the DNA repair factor PNKP, an enzyme in the transcription-coupled repair 

complex scaffolded by the huntingtin protein. Mutant huntingtin-associated perturbation of 

PNKP enzymatic activity was rescued with PIAS1 knock-down in both models and 

normalized aberrant transcriptional profiles, suggesting an impact on genomic stability. 

However, due to the extreme length of CAG-repeat in zQ175 mice, somatic repeat 

expansion could not be assessed in these animals due to technical limitations for resolution 

of repeat sizes. Therefore, given the previously reported impact on R6/2 pathogenesis with 

Pias1 knock-down and our robust, cross-model modulatory effect on PNKP activity, Pias1 

modulation of Pnkp and DNA damage-associated mechanisms in R6/2 mice was assessed. 

Pias1 knock-down similarly rescued perturbed Pnkp activity in R6/2 mice, and data shows 

a potential reduction of somatic CAG repeat expansion in the striatum. Taken together, data 

in this dissertation suggest that Pias1 is an integral component of the transcription-coupled 

repair complex and response in multiple models of HD, and may contribute towards 

transcriptional dysregulation and somatic repeat expansion within the disease context. 



208 
 

INTRODUCTION 

The typical age of adult-onset for HD is between 35 and 50 years of age with an inverse 

relationship existing between the length of the CAG repeat and age of onset. However, CAG 

length only accounts for 40-50% of the variance in the age of onset (AO) for adult-onset HD 

patients; variance is also influenced by genetic or environmental factors (Langbehn et al., 

2004; Wexler et al., 2004).  

 

Recent genome-wide association studies (GWAS) identified genetic variants that correlated 

with either a delay of AO or exacerbation of AO as positive or negative modifiers 

respectfully (Bettencourt et al., 2016; Flower et al., 2019; GeM-HD, 2015; Lee et al., 2017; 

Moss et al., 2017).  These variants were primarily identified as components of DNA damage 

repair (DDR) pathways suggesting that genomic stability contributes to onset of HD.  

Indeed, one of the potential pathogenic features of HD is a propensity for somatic CAG-

repeat instability in the striatum, observed in both human and mouse HD brain (Lee et al., 

2011; Shelbourne et al., 2007); e.g. the number of CAG-repeats in the brain exhibits 

increased length mosaicism over time (Lee et al., 2011; Telenius et al., 1994) with greater 

expansion in postmortem cortex significantly correlating with earlier onset of HD in human 

patients (Swami et al., 2009). Expansion is attributed to decreased genomic stability of the 

CAG-repeat and DNA damage repair (DDR) pathways are implicated in mediating this 

instability (Jones et al., 2017; Schmidt and Pearson, 2016). Supporting this, two disease 

modifiers with genetic variants found in GWAS from HD patients were MLH1 and MSH3, 

genes involved in mismatch repair (MMR) and previously linked to somatic repeat 

expansion (Flower et al., 2019; Lee et al., 2017; Moss et al., 2017). Another genetic modifier 
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of AO identified in the GWAS was FAN1, a DDR nuclease in the Fanconi Anemia, inter-

strand crosslink repair pathway (Bettencourt et al., 2016). Recently, FAN1 has been shown 

to prevent somatic repeat expansion including that of HTT (Goold et al., 2019; Zhao and 

Usdin, 2018), further linking DDR responses to somatic repeat expansion and disease 

pathogenesis.  

 

We recently showed that PNKP enzymatic activity is perturbed by expanded mutant HTT 

protein (mHTT, (Gao et al., 2019)). PNKP is a DNA-end processing enzyme that is a 

component of the base excision repair (BER) and transcription-coupled repair (TCR) 

pathways (Chakraborty et al., 2016; Chakraborty et al., 2015; Jilani et al., 1999). Our recent 

data shows that PIAS1 is a SUMO E3 ligase for PNKP and is a component of the TCR 

complex together with HTT (Chapter 3). Further, reduction of PIAS1 in both human iPSC-

derived MSNs and striatum of zQ175 HD knock-in (KI) mice rescued mHTT-associated 

perturbed enzymatic activity of PNKP (Chapter 3, Chapter 4). PIAS1 is an E3 SUMO ligase 

that modulates DDR repair mechanisms, including the Fanconi Anemia pathway (Gibbs-

Seymour et al., 2015), through SUMOylation of repair factors (Schwertman et al., 2016; Su 

et al., 2019) to either aid in recruitment or eviction of DDR components. PIAS1 was also 

identified as an E3 ligase enhancing SUMOylation of the HTT protein itself, with 

SUMOylation potentially modulating aggregation propensity of the mHTT protein 

(O'Rourke et al., 2013; Steffan et al., 2004). HTT serves as a scaffold for DDR complexes 

(Gao et al., 2019; Maiuri et al., 2017), with both PNKP and PIAS1 being binding partners 

within this complex, potentially through a SUMO-mediated mechanism (Chapter 3). 

Overall, PIAS1 knock-down (KD) in these models normalized aberrant transcriptional 
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profiles suggesting a neuroprotective role for modulating PIAS1-involved mechanisms at 

key disease stages (Chapter 3, Chapter 4). 

 

We previously reported that Pias1 can modulate disease progression in a rapidly 

progressing mouse model of HD, the R6/2 model (Ochaba et al., 2016). R6/2 mice differ 

from zQ715 in that the HD phenotype is caused by expression of a mutant exon-1 human 

HTT fragment transgene instead of a knock-in (KI) mutation at the endogenous murine Htt 

locus (zQ175, (Brooks and Dunnett, 2015; Menalled and Brunner, 2014)). The R6/2 mouse 

model is overtly symptomatic at very early ages (e.g. 5-8 weeks) (Carter et al., 1999; 

Mangiarini et al., 1996) compared to the more subtle, long term symptomatic progression 

of the zQ175 model (Menalled et al., 2012). Previously, insoluble Pias1 was found to be 

increased in R6/2 striatum and KD of Pias1 in the striatum decreased this species and 

rescued HD-associated motor behavioral deficits, reduced accumulation of insoluble mHTT 

protein, and normalized an aberrant inflammatory profile (Ochaba et al., 2016). Therefore, 

because of the robust impact of Pias1 KD in the R6/2 mouse model (Ochaba et al., 2016) 

and our data showing a cross-model, and conserved impact of PIAS1 KD on PNKP 

enzymatic activity (Chapter 3, Chapter 4), we assessed whether Pias1 could also modulate 

Pnkp activity in R6/2 mice. Further, we examined whether Pias1 had an effect on somatic 

CAG repeat expansion of the R6/2 transgene to determine if modulating DNA repair 

activity in vivo, via a Pias1-mediated mechanism, could affect instability of the HTT CAG 

repeat. 

 



211 
 

Here I show that Pias1 KD in R6/2 mice rescued perturbed Pnkp enzymatic activity in both 

the nuclear and mitochondrial fractions of R6/2 mouse striata. Excitingly, a significant but 

modest reduction in somatic repeat expansion of the R6/2 transgene was observed. Due to 

the modest degree of reduction in expansion, no conclusions could be made about 

translational impact of stabilizing the CAG-repeat, however the data provides preliminary 

evidence that modulating Pias1-mediated DNA repair in vivo may have direct consequences 

on a key modifier of HD onset and progression. Interestingly, data also suggest that the 

neuroinflammatory profile in HD animals may have been an important component of a 

subset of previously observed phenotypic consequences of Pias1 KD in the R6/2 model.  

 

RESULTS 

miPias1.3 treatment does not reproduce behavioral rescue in R6/2 mice 

To evaluate Pias1 reduction in R6/2 mice, we used the same parameters as our published 

study (Ochaba et al., 2016) and previous zQ175 studies (Chapter 4), using bilateral 

intrastriatal injections of the same AAV2/1 containing either miPias1.3 or control miSafe. 

Animals were injected at 5 weeks of age and behavior was recorded until sacrifice at 10 

weeks of age (Figure 5.1A).  In this study, baseline measures differed and miPias1.3 treated 

R6/2 mice did not show rescued behavior as previously recorded (Ochaba et al., 2016). 

Only a significant genotype effect was observed for grip strength at 6 weeks (F (1, 36) = 

36.660, p<0.0001) and 8 weeks of age (F(1, 35) = 31.730, p<0.0001) with no significant 

treatment effect (Week 6: F(1, 36) = 4.054, p>0.05; Week 8: F(1, 35) = 0.722, p>0.05, Figure 

5.1B). A slight genotype effect was observed for pole test with a significant interaction 

detected at 6 weeks of age suggesting a partial rescue of time to descend with miPias1.3 



212 
 

treatment (Genotype: F (1, 36) = 4.268, p<0.05; Interaction: F(1, 36) = 5.192, p<0.05, Figure 

5.1C). This interaction was lost by 8 weeks of age, with only a significant genotype effect 

observed (Genotype: F(1, 35) = 16.510, p<0.001; Treatment: F(1, 35) = 2.846, p>0.05).  

 
 

Figure 5.1: Pias1 KD does not rescue behavior in R6/2 mice. A) Experimental design 
and timeline for modulating Pias1 in R6/2 mice. Significant genotype effects observed for 
B) Grip strength, C) Pole test, and D) Rotarod at all ages tested. E) No difference in percent 
clasping with miPias1.3 treatment. F) Significant genotype for weight observed. All samples 
were analyzed by 2-way ANOVA followed by Tukey’s multiple comparison test.  ns=not 
significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, values represent means ± SEM. 
Shaded bars represent miPias1.3 treated animals. 
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Similar genotype-only results were observed for Rotarod at 7 weeks of age (Genotype: F(1, 

36) = 93.120, p<0.0001; Treatment: F(1, 36) = 0.969, p>0.05) and 9 weeks of age 

(Genotype: F(1, 36) = 66.490, p<0.0001; Treatment: F(1, 36) = 0.074, p>0.05, Figure 5.1D). 

For Clasping, no differences were observed between control R6/2 animals and miPias1.3 

treated animals in percent clasping (Figure 5.1E). A clear body weight genotype effect was 

observed as described ((Ochaba et al., 2016); Genotype: F (1, 36) = 59.620, p<0.0001; 

Treatment: F (1, 36) = 0.020, p>0.05, Figure 5.1F) with R6/2 mice exhibiting less weight 

gain over time. Together, these data suggest that miPias1.3 treatment in this cohort of R6/2 

animals did not rescue or modulate behavior as previously reported (Ochaba et al., 2016). 

However, R6/2 behavior overall appeared more subtle compared to previous results 

independent of treatment.  

 

Molecular readouts not altered by Pias1 KD in R6/2 mice 

We next evaluated whether we modulated the molecular landscape of R6/2 animals with 

miPias1.3 treatment. We previously showed that levels of insoluble Pias1, but not soluble 

PIAS1, were elevated in R6/2 mice and that knock-down of Pias1 restored these levels to 

that of NT animals.  (Ochaba et al., 2016). Therefore, soluble and insoluble levels of Pias1 

were assessed using Soluble/Insoluble fractionation (Ochaba et al., 2016; Ochaba et al., 

2018) by western blot. Interestingly, in this cohort of R6/2 animals, no significant increase 

in insoluble Pias1 protein levels was observed in untreated R6/2 mice (Figure 5.2A). 

Instead, R6/2 mice had significantly less insoluble Pias1 (Genotype: F(1, 10) = 51.230, 

p<0.0001) with only a KD treatment effect being observed in NT treated mice (Treatment: 

F(1, 10) = 12.210, p<0.01), in contrast to what had previously been seen in NT mice. A 
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significant decrease in Pias1 levels with miPias1.3 treatment in R6/2 mice was observed in 

the Soluble fraction with no effect observed in NT mice with treatment (Interaction: F(1, 

10) = 25.360, p<0.001). Assessing levels of Pias1 transcript by qPCR showed successful, 

significant reduction of Pias1 in both NT and R6/2 animals (Treatment: F(1, 11) = 49.91, 

p<0.0001, Figure 5.2B). Unexpectedly, a significant genotype effect between NT and R6/2 

mice was also observed (Genotype: F(1, 11) = 10.370, p<0.01) with R6/2 control animals 

having less Pias1 expression at baseline compared to NT control animals. This effect was 

not observed previously and may in part explain the baseline differences in Pias1 levels as 

detected by western blot. Therefore, Soluble/Insoluble fractionation analysis reveals 

differential levels of Pias1 at baseline between NT and R6/2 animals as well as a 

differential impact of miPias1.3 treatment in a genotype-dependent manner as compared 

to our previously published results modulating Pias1 in this animal model (Ochaba et al., 

2016). These differences in baseline may, in part, explain differences in behavioral and 

molecular outcomes with Pias1 KD in these animals. 

 

High molecular weight (HMW) insoluble mHTT exon-1 protein (mHTTex1p) species was 

previously modulated by Pias1 both in vitro (O'Rourke et al., 2013) and in vivo in the R6/2 

model (Ochaba et al., 2016). Assessing formation of this species, miPias1.3 treatment in this 

cohort did not significantly modulate HMW mHTTex1p formation compared to miSafe 

treated R6/2 mice, though with an observed trending decrease (p>0.05, Figure 5.2A). This 

was consistent with the lack of change in insoluble Pias1 levels in these animals as 

reduction in this Pias1 species previously corresponded to a significant decrease in HMW 

mHTT (Ochaba et al., 2016). Levels of soluble monomeric transgene protein product from 
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R6/2 mice decrease with age ((Morozko et al., 2018), Chapter 1). Monomeric mHTTex1p 

was not detected at 10 weeks of age (data not shown), indicating that the majority of 

transgene product had shifted towards the insoluble fraction and that miPias1.3 treatment 

did not affect levels of this mHTTex1p species similar to what was previously observed 

(Ochaba et al., 2016). 

 
Pias1 has an important role in inflammation.  In our previous studies, inflammatory 

responses were noted; in particular, changes in NfkB (p65) localization and increased Il-6 

cytokine levels were observed.  However, in this study, these inflammatory responses were 

not mounted nor were they altered by Pias1 reduction.  For instance, protein levels of NfkB 

did not change in a genotype-dependent manner (Genotype: F(1, 10) = 0.050, p>0.05), and 

were not affected by miPias1.3 treatment in this cohort (Treatment: F(1, 10) = 0.140, 

p>0.05, Figure 5.2C). Further, NfkB was only detected in the soluble fraction suggesting a 

different inflammatory profile in these animals.  Il-6 levels were significantly reduced in 

these R6/2 mice, regardless of treatment, as detected by western blot (Genotype: F(1, 10) = 

16.940, p<0.01, Figure 5.2C). This cytokine was previously shown by a Meso Scale 

Discovery panel to be elevated in R6/2 mice and restored to NT baseline levels by 

miPias1.3 treatment (Ochaba et al., 2016). No treatment effect was observed in this current 

cohort of R6/2 miPias1.3 treated animals using an antibody which similarly detects total 

levels of soluble Il-6 (Treatment: F(1, 10) = 0.111, p>0.05). Together, these data suggest 

that the baseline inflammatory background was distinctly different in this cohort of 

animals compared to previously published studies. 



216 
 

 
Figure 5.2: Pias1 knockdown does not affect mHTT accumulation. A) 
Soluble/Insoluble fractionation of striatal tissue shows significant reduction of soluble 
Pias1 only. HMW insoluble mHTT remains statistically unchanged with treatment. B) qPCR 
analysis shows significant reduction in levels of Pias1 transcript with KD. C) Western blot 
shows no change in NfkB protein abundance with miPias1.3 treatment and reveals that Il-6 
levels are significantly lower in R6/2 mice from this cohort. Protein normalized to total 
protein stain. Normalized relative protein abundances for all samples were analyzed by 2-
way ANOVA followed by Tukey’s multiple comparison test. ns = not significant, *p<0.05. 
**p<0.01, ***p<0.001, ****p<0.0001, values represent means ± SEM. Shaded bars represent 
miPias1.3 treated animals. 
 

Pnkp enzymatic activity is modulated by Pias1 in R6/2 mice 

Although baseline behavior and HMW mHTTex1p accumulation were not affected by Pias1 

KD, we assessed if the DDR function of Pias1 was modulated in these animals. We examined 

the effect of Pias1 KD on Pnkp activity as described for zQ175 mice (Chapter 4). Enzymatic 
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activity of Pnkp was assessed from both the nuclear and mitochondrial extracts harvested 

from GFP+ regions of microdissected striata. In R6/2 animals, a noticeable reduction in 

Pnkp activity was observed in both extracts. Nuclear and mitochondrial activity deficits 

were rescued with miPias1.3 treatment (Figure 5.3A, B), reproducing modulatory 

phenotypes of Pias1 observed in zQ175 mice and human iPSC-derived neurons. These data 

suggest a robust and conserved function for Pias1 in modulating transcription-coupled 

repair mechanisms in distinctly different mouse models of HD and in human, patient cells. 

 
Figure 5.3:  Pias1 modulated Pnkp enzymatic activity but not DNA damage levels in 
R6/2 mice. Decreased Pnkp activity in R6/2 mice is rescued by miPias1.3 treatment in 
both the A) nucelar and B) mitochondrial extract. C) Western blot analysis of 
Soluble/Insoluble fractionation of striatal tissue showed not significant difference in levels 
of DNA damage marker γH2AX and unmodified Pnkp, with Pias1 KD. Black arrow indicated 
quantified Pnkp protein band which corresponds to unmodified positive control of 
overexpressed Pnkp (not shown). Higher bands are suggested to be post-translational 
modifications of Pnkp as observed in Chapter 3. Protein normalized to total protein stain. 
Normalized relative protein abundances for all samples were analyzed by 2-way ANOVA 
followed by Tukey’s multiple comparison test.  ns = not significant, values represent means 
± SEM. Shaded bars represent miPias1.3 treated animals. Panels A and B data and figure 
generated in collaboration with Sarkar lab, UTMB. 



218 
 

 
Rescued Pnkp activity previously corresponded to decreased levels of the DNA damage 

marker γH2AX in 8-month old zQ175 mice, suggesting an impact on total levels of DNA 

damage overall (Chapter 4). In R6/2 mice treated with miPias1.3, no significant difference 

in abundance of γH2AX was observed by western blot (Genotype: F(1, 10) = 1.308, p>0.05; 

Treatment: F(1, 10) = 0.388, p>0.05) in R6/2 mice (Figure 5.3C). The lack of genotype 

effect was unexpected as levels of γH2AX have previously been shown to be elevated in 

R6/2 mice as compared to NT in the striatum (Enokido et al., 2010; Illuzzi et al., 2009). 

Levels of unmodified PNKP similarly were unaffected (Genotype: F(1, 10) = 1.625, p>0.05; 

Treatment: F(1, 10) = 0.296, p>0.05, Figure 5.3C).  

 

Pias1 modulates key transcriptional targets in R6/2 mice 

A robust effect on specific dysregulated genes in zQ175 mice following miPias1.3 treatment 

was observed (Chapter 4), therefore I assessed a subset of those genes following Pias1 

modulation in R6/2 (Figure 5.4). Besides Bdnf, these genes were not previously detected as 

altered in 12 week old R6/2 mice (Jacobsen et al., 2017; Vashishtha et al., 2013). The most 

robustly modified gene in zQ175 was Bcl2l2; in R6/2 mice, miPias1.3 treatment resulted in 

a significant increase in Bcl2l2 expression in the NT animals (Treatment: F(1, 11) = 10.660, 

p<0.01) with a trending increase in R6/2 treated animals. Bcl2l2 was increased in pre-

symptomatically treated zQ175 animals by mRNASeq as well (Chapter 4, Table 5.1).  

 

Synaptic vesicle component genes Syn1 and Syn2 were shown to be modulated by Pias1, 

with pre-symptomatic KD reducing zQ175 genotype-associated aberrantly elevated 

transcription (Chapter 4,). In R6/2 animals, levels of Syn1 were significantly increased with 
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miPias1.3 treatment (Treatment: F(1, 11) = 9.603, p<0.05) but showed no significant 

genotype effect (Genotype: F(1, 11) = 1.336, p>0.05). For Syn2, both a significant genotype 

and treatment effect was observed (Genotype: F(1, 11) = 10.820, p<0.01; Treatment: F(1, 

11) = 6.749, p<0.05) but with post-hoc analysis only indicating a difference between NT 

Pias1 KD and control R6/2 animals. Therefore, Pias1 may also modulate synaptic 

transcriptional profiles in R6/2 mice. 

 

The neurotrophic growth factor Bdnf was significantly modulated by Pias1 at the 

transcriptional level in pre-symptomatic treated zQ175 animals. In R6/2 mice, miPias1.3 

treatment significantly increased levels of Bdnf in NT animals and trended in R6/2 animals 

(Treatment: F (1, 11) = 12.56, p<0.01) with a significant genotype effect also observed (F(1, 

11) = 8.065, p<0.05). Additional genes arising from mRNASeq data in zQ175 mice were 

evaluated (Table 5.1), however were not significantly altered by Pias1 KD in R6/2 mice. 

Given that levels of Bcl2l2 were consistently elevated with Pias1 KD in the majority of 

animal groups assessed, these data strongly suggest there may be an underlying pro-

survival pathway that is modulated by Pias1 in the brain ((Aouacheria et al., 2017), Figure 

5.4, Table 5.1) and can be further explored.  

 

Somatic repeat expansion is reduced in R6/2 mice with Pias1 KD  

DNA damage repair genes modulate CAG repeat instability in animal models of HD 

(Schmidt and Pearson, 2016). Further, the human GWAS-identified Age-of-Onset modifier 

FAN1, a cross-link DDR gene, stabilizes the HTT CAG repeat to modify disease progression 

in patient-derived neurons (Goold et al., 2019). Given that we have observed Pias1 
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modulating repair activity in Pnkp in three models of HD, in collaboration with Vanessa 

Wheeler’s group, we evaluated whether increasing repair activity in R6/2 mice had any 

impact on somatic repeat expansion in the striatum with miPias1.3 treatment.  

 
 

Figure 5.4: qPCR analysis on top mRNAseq identified genes identified in Chapter 4 
for R6/2 miPias1.3 treated mice. A) Fold change and a’) dCT values for mice show 
significant genotype and treatment effects for miPias1.3 treated animals. Mice show 
significant treatment effect for Bcl2l2, Syn1, Syn2, and Bdnf. Rnf112 (Genotype: F (1, 11) = 
50.720, p<0.0001; Treatment: F(1, 11) = 0.562, p>0.05), Pde4a (Genotype: F (1, 11) = 
10.990, p<0.01; Treatment: F(1, 11) = 3.350, p>0.05), NeuroD1 (Genotype: F (1, 11) = 0.032, 
p>0.05; Treatment: F(1, 11) = 3.803, p>0.05), NeuroD2 (Genotype: F(1, 11) = 4.215, p>0.05; 
Treatment: F(1, 11) = 1.099, p>0.05). All samples were analyzed by 2-way ANOVA followed 
by Tukey’s multiple comparison test. ns = not significant, *p<0.05, **p<0.01, ***P<0.0001, 
values represent means ± SEM. Shaded bars represent miPias1.3 treated animals. 
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Genomic DNA (gDNA) from R6/2 mice was harvested from the same GFP+ microdissected 

striatal tissue used for mRNA purification and assessed as previously described (Lee et al., 

2010). Somatic repeat expansion was determined using ABI GeneMapper and expansion 

indexes using threshold factors of 0%, 10%, and 20% were calculated. R6/2 mice with 

Pias1 KD had significantly smaller expansion indexes at all peak thresholds measured (0%: 

p<0.01, 10%: p<0.01, 20%: p<0.01) strongly suggesting a positive effect on expansion that 

is sustained with more stringent analyses (Figure 5.5A, C). The significantly smaller 

expansion indexes in miPias1.3 treated R6/2 mice compared to miSafe treated animals was 

not due to general variation in CAG-repeat length as no significant difference was observed 

in repeat size measured from tail gDNA (p>0.05) and from modal striatal allele from 

expansion analysis (p>0.05, Figure 5.5B). Therefore, Pias1 KD lead to a modest but 

significant decrease in somatic repeat expansion in the striatum of R6/2 mice that may be 

associated with restoration of Pnkp activity. This supports previous observations that DDR 

mechanisms are contributing to genomic stability and suggests that TCR may also be a 

driving factor for promoting somatic repeat expansion in the striatum.  
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Figure 5.5:  Pias1 knock-down results in smaller expansion indexes in R6/2 mice. A) 
R6/2 measured expansion indexes from PCR traces obtained from amplifying genomic HTT 
CAG repeat are significantly smaller in miPias1.3 treated R6/2 mice at all peak thresholds 
analyzed. B) Modal CAG repeat length not significantly different between groups in both 
tail and striatum. C) Representative PCR peak traces from ABI GeneMapper shows smaller 
expansion in miPias1.3 treated animal.  Expansion indexes analyzed by Student’s unpaired 
2-tailed t-test.  ns = not significant, values represent means ± SEM. Shaded bars represent 
miPias1.3 treated animals. Data generated in collaboration with Wheeler lab, MGH. 
 

DISCUSSION 

We previously showed that PIAS1 KD rescued perturbed enzymatic activity of PNKP in two 

models of HD: Human HD patient, iPCS-derived MSNs and zQ175 mouse striatum (Chapter 

3, Chapter 4). Here we show that this modulatory effect is reproduced in a third model of 

HD; the R6/2. Even though all three models have different molecular profiles and represent 

different stages of disease progression and development, data presented here suggest a 

robust, conserved mechanism in modulating DDR pathways in neurons for PIAS1. 

Together, data from all three models supports a function for PIAS1 in DDR mechanisms in 

the brain with high translational impact for targeting PIAS1 to modulate these pathways in 

HD. With KD serving to normalize aberrant transcription associated with HD in the zQ175 

mice and facilitating enzymatic activity of the TCR repair complex, it is possible that PIAS1 

is participating in inappropriate DNA repair within the HD context (Shelbourne et al., 

2007).  Therefore, homeostatic imbalance may result in initially beneficial or compensatory 

mechanisms shifting to promote detrimental outcomes (Vanni et al., 2019). Supporting this 

hypothesis is the observation that Pias1 KD differentially impacted transcriptional 

networks in WT and zQ175 mice (Chapter 4), suggesting that normal homeostatic function 

of Pias1 during aging may be different from that under neurodegenerative disease-

associated insults and that appropriately targeting Pias1 in HD may restore balance. 
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Excitingly, I provide preliminary evidence here for a potential direct consequence of Pias1 

mediated DDR pathways in the brain and specifically within the context of CAG-repeat 

associated neurodegenerative diseases. Together with rescue of Pnkp enzymatic activity, I 

also observed a statistically significant decrease in the expansion indexes for transgene 

CAG-repeat length with miPias1.3 treatment (Figure 5.3, Figure 5.5). This reduction in 

expansion was significant, but modest, potentially representing a variation of only a few 

repeats. The ultimate impact of this reduction is therefore not yet known and impact of the 

modest change may be masked by the rapid progression of symptomology in the R6/2 

mouse model. Assessing repeat length and stability in a long-term model of HD (i.e. the 

zQ175 or Q140) may aid in elucidating the molecular impact of reducing somatic expansion 

with Pias1 modulation.  

 

DNA damage repair mechanisms have been previously linked to CAG repeat instability and 

somatic repeat expansion (Kovtun et al., 2007; Mollersen et al., 2012). Notably, repair of 

oxidized nucleotides through the base-excision repair (BER) pathway is linked to somatic 

expansion of the HD-associated CAG repeat in mice, suggesting that normal repair 

processes may contribute to detrimental outcomes in disease contexts when under 

oxidative stress (Kovtun et al., 2007; Mollersen et al., 2012). Genes involved in mismatch 

repair pathways (MMR) also promote somatic repeat expansion (Dragileva et al., 2009; 

Gonitel et al., 2008; Kovalenko et al., 2012; Shelbourne et al., 2007; Wheeler et al., 2003), 

likely as a consequence of DNA instability or inappropriate repair (Gonitel et al., 2008; 

Shelbourne et al., 2007). This could be caused by slippage of DNA to produce unusual 

structures or formation of DNA:RNA hybrid structures known as R-loops (Schmidt and 
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Pearson, 2016). While formation of unusual DNA structures is common in replicating cells, 

in neurons they can form as a consequence of active transcription and subsequent 

misalignment of the CAG-repeat or hybridization of the transcribing RNA strand (Reddy et 

al., 2011; Slean et al., 2013). Indeed, MMR has been shown to have a preference for actively 

transcribing genes (Huang and Li, 2018). Therefore, MMR may inappropriately repair these 

structures in a manner that produces a few new repeat units at a time, leading to 

incremental expansion over time (Schmidt and Pearson, 2016). Indeed, a genetic variant 

within MMR gene MSH3 that resulted in decreased expression  corresponded with reduced 

somatic expansion, delayed onset, and slower disease progression (Flower et al., 2019; 

Moss et al., 2017). It is important to note, however, that while active MMR facilitates 

somatic repeat expansion, recent work investigating FAN1, a known HD genetic variant AO 

modifier, supports a role for active and appropriate repair in stabilizing the CAG repeat 

region (Goold et al., 2019; Zhao and Usdin, 2018). Therefore, a protective role for adequate 

repair has also been established.  

 

Interestingly, the most recent GWAS completed on HD patients showed that the length of 

uninterrupted CAG repeats predominately predicts AO rather than translational length of 

expanded polyglutamine stretch (with glutamine also being coded by CAA, (GeM-HD, 

2019)). Therefore, the length of the uninterrupted CAG may dictate its propensity for 

somatic expansion due to instability within the striatum as interruptions increase 

trinucleotide repeat stability (Pearson et al., 1998). Indeed, somatic expansion has been 

long been suggested to correlate with the regional vulnerability seen in diseases like HD 

(i.e. MSNs, striatum) where the disease-associated mutation is ubiquitously expressed, yet 
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only specific tissues are affected (Pearson et al., 2005; van Eyk and Richards, 2012). In HD, 

this effect was suggested early on where larger somatic repeat expansion was observed in 

the striatum versus the cerebellum which is less affected by disease (Kennedy and 

Shelbourne, 2000; Telenius et al., 1994). Tissue-specific expansion occurs early on in 

disease pathogenesis, with brain regions showing earlier expansion being the most overtly 

affected over time (Kennedy et al., 2003; Lee et al., 2011) and regional expression of DDR 

genes corresponding to observed increases in repeat expansion (Mason et al., 2014). 

Therefore, understanding the modest impact miPias1.3 treatment is having on somatic 

expansion may have a novel and significant translational impact for modulating disease 

progression or AO of HD.  

 

Even though we saw a significant impact on DDR activity and CAG-repeat stability, we 

unexpectedly observed significant differences in behavioral and molecular readouts in 

R6/2 mice at baseline and with Pias1 KD compared to our previously published results 

(Ochaba et al., 2016). This is likely due to the molecular differences at baseline between 

these groups. The functional consequence of the lack of initially increased Pias1 in the 

Insoluble fraction in these current animals is not clear, although suggests that Pias1 

responses were altered to start and therefore did not change inflammatory readouts or 

presence of HMW insoluble mHTTex1p. Further, levels of soluble Pias1 were previously not 

affected by miPias1.3 treatment unlike our current observations (Figure 5.2A, (Ochaba et 

al., 2016)). Insoluble HMW mHTTex1p species tracks with disease progression in R6/2 

mice ((Morozko et al., 2018), Chapter 1) and rescued behavioral deficits corresponding to 

reduced insoluble Pias1 were observed when this mHTTex1p species was significantly 
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reduced (Ochaba et al., 2016). Our current data therefore, may explain the lack of 

behavioral impact with Pias1 KD as neither of these Insoluble species were altered in this 

study (Figure 5.2A). 

 

These differences in protein homeostasis and behavioral readouts between studies may in 

part be explained by the striking differences in inflammatory markers observed. Pias1 has 

a canonical function in modulating inflammation through NfkB signaling, such that Pias1 

binds to NfkB to prevent transcription of pro-inflammatory gene targets (Liu and Shuai, 

2008). Therefore, in R6/2 mice, perturbed translocation of NfkB was suggested to be 

caused by Pias1 accumulation in the Insoluble/nuclear fraction with KD reducing insoluble 

levels of Pias1 specifically. Previous observed results were associated with a restoration of 

NfkB localization and subsequent lack of inhibition towards associated signaling cascades 

which resulted in normalization of perturbed inflammatory cytokine profile (Ochaba et al., 

2016). In this current study, there was no detectable NfkB in the Insoluble fraction and 

Pias1 KD did not alter this profile (data not shown), suggesting that even though mice 

express mHTT, their Pias1-mediated inflammatory responses were altered. Similarly, levels 

of soluble cytokine Il-6 in control R6/2 animals observed in this study were not elevated 

and miPias1.3 had no significant effect (Figure 5.2B). With this current data, it is apparent 

that previous cohorts of animals may have had an elevated inflammatory environment at 

baseline, therefore utilizing Pias1’s inhibitory function in an attempt to counterbalance 

neuroinflammation. While purely speculative, due to the difference in time when 

experiments were completed, it is possible that environment and/or microbiome 

differences in the cohorts of mice may have contributed to differences in inflammatory 
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baseline between studies (Castillo et al., 2019; Sherwin et al., 2018). Specifically, 

composition of the microbiome has been reported to be highly variable between breeding 

centers or vendors (Hufeldt et al., 2010) and it is possible that over the time between the 

R6/2 studies, conditions changed within the vivarium.  

 

Overall, the data presented here supports a function for Pias1 in mediating genome 

integrity in the brain, especially in the context of HD. This function may be independent 

from serving as an inhibitor of inflammatory cascades and reflect a dual role for Pias1 in 

inflammation and as  a SUMO E3 ligase for DDR pathways (Galanty et al., 2009; Gibbs-

Seymour et al., 2015). PIAS1 KD restored activity of repair protein PNKP in three models, 

including human patient-derived neurons and in two drastically different mouse models of 

HD. In R6/2 mice, this increased activity corresponded to a decrease in somatic repeat 

expansion, suggesting that facilitating TCR stabilized the CAG repeat. And while future 

studies remain to be carried out to investigate the specific functional consequence of PNKP 

SUMOylation as well as the pathogenic impact of CAG-repeat stability in HD animal models 

with Pias1 KD, we have defined a new role for Pias1 modulating HD pathogenesis through 

DNA damage repair mechanisms.  

 

EXPERIMENTAL PROCEDURES 

Animals 

R6/2 mice were obtained from Jackson Laboratories. Initial CAG repeat sizing of genomic 

DNA harvested from tails was performed by Laragen. Experiments were carried out in 

strict accordance with the Guide for the Care and Use of Laboratory Animals of the NIH and 
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an approved animal research protocol by the Institutional Animal Care and Use Committee 

(IACUC) at the University of California, Irvine. Animals were humanely euthanized by an 

injection of Euthasol at 10 weeks followed by cardiac perfusion with PBS then decapitation. 

Brain tissue used for biochemical assessment was flash-frozen in liquid nitrogen and stored 

at -80°C until further use. Striatal tissue was microdissected for GFP+ region using Night 

Sea fluorescent lamp at time of harvest, prior to freezing.  

 

Surgery 

At 5 weeks of age, R6/2 mice were anesthetized using isoflurane and underwent bilateral 

intrastriatal injections using a dual injection stereotaxic apparatus (coordinates 0.01 mm 

caudal to bregma, 0.2 mm right/left of midline, 0.345 pocket to 0.325 mm ventral to pial 

surface). 5 µl of AAV2/1 virus containing miPias1.3 CMVeGFP or miSAFE CMVeGFP at ~ 

3e12 vg/ml, purified as described (Ochaba et al., 2016), was injected using a Hamilton 

syringe at a rate of 0.5 µl/min. Syringe was left in place for 5 minutes after each injection to 

ensure complete ejection of viral solution into brain region. Animals were allowed to 

recover for 1 week under observation prior to beginning behavioral analysis. 

 

Behavioral Paradigms 

Motor deficits were assessed in pole test, Rotarod, and grip strength assays as described 

(Ochaba et al., 2016). For pole test, mice were tested at 6, and 8 weeks of age for their 

ability to descend a vertical pole (1 cm in diameter, 60 cm high) by recording and averaging 

time to descend over four trials for analysis. Rotarod was carried out using an accelerating 

apparatus (Dual Species Economex Rota-Rod; 0207-003M; Columbus Instruments) at 7and 
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9 weeks of age. Animals were trained on Rotarod for 5 minutes on day 1 and tested the 

following day by an accelerating assay recording and averaging time to fall for three, 5-

minute trials test day. 

 

Grip strength was assessed 6 and 8 weeks of age to measure forelimb strength using a 

meshed force gauge which retained the peak force applied (IITC Life Science instrument, 

Woodland Hills, CA) and averaging the top 4 strongest pulls of 5 trials in grams of force 

applied to the meter. Dyskinesia was assessed by recording percent of animals clasping 

from weeks 5-10 as described (Mangiarini et al., 1996) and body weights were recorded at 

the same time daily from weeks 5-10 and averaged for each week for statistical analysis. 

 

Tissue and cell protein lysis, quantification, and Western Blot analysis 

Flash frozen brain tissue was prepared as previous (Ochaba et al., 2016; Ochaba et al., 

2018). Protein fractions were quantified using detergent compatible (DC) protein assay 

(Bio-Rad). Soluble and Insoluble protein lysates were resolved on either 3-8% or 4-12% 

Bis-Tris Poly-Acrylamide gels and transferred onto either 0.45µM or 0.2µM nitrocellulose 

membrane depending on size of proteins of interest (smaller proteins with 4-12% on 

0.2µM). Insoluble protein lysates were resolved on 3-8% Tris-Acetate Poly-Acrylamide gels 

and transferred onto 0.45µM nitrocellulose membrane to assess formation of HMW mHTT 

species. Membranes were blocked in Odessey starting block (Li-Cor) for 1 hour at room 

temperature and probed in primary antibody overnight at 4°C in blocking supplemented to 

0.5% tween. Secondary IR-fluorophore antibodies were used and detected using a Li-Cor 

Odyssey CLx system and Image Studio software. IR fluorescence imaging was used for 
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quantitative analysis with detected protein levels normalized to Revert Li-Cor whole-

protein stain prior to statistical analysis. Antibodies used for analysis were anti-Pias1 (Cell 

Signaling 3550S), anti-HTT (Millipore MAB5492, HMW mHTT), anti-HTT (Cell Signaling 

5656S, clone D7F7 for FL-HTT), anti-GFP (Living Colors, Clontech Laboratories 632381), 

anti-NfkB (Cell Signaling 8242S), anti-Il-6 (Cell Signaling 12912T), anti-PNKP (Novus 

Biologicals NBP1-87257), and anti-γH2AX (Millipore 05-636). 

 

RNA purification and qPCR 

GFP+ flash frozen brain regions were homogenized in TRIzol reagent (Invitrogen) and RNA 

was extracted according to manufacturer’s protocol and purified using RNEasy Mini kit 

(QIAGEN). Residual DNA was removed by DNase treatment incorporated into RNEasy 

protocol as per manufacturer’s suggestion. Reverse transcription was performed using 

SuperScript 3 First-strand synthesis system according to manufacturer’s protocol 

(Invitrogen) from harvested and purified RNA. Both oligo (dT) and random hexamer 

primers were used in a 1:1 ratio using a total of 500 ng RNA per sample. Final synthesized 

cDNA was diluted to 5ng/ul in DEPC treated water and stored at -20°C until use. Rplp0 was 

used as the normalizing house-keeping gene as previous (PMID: 30452420). qPCR primers:  

Rplp0 (F: GCTTCGTGTTCACCAAGGAGGA, R: GTCCTAGACCAGTGTTCTGAGC),  

Pias1 (F: CTGCACAGACTGTGACGAGATAC, R: CGCTACCTGATGCTCCAATGTG),  

NeuroD2 (F: GCTACTCCAAGACGCAGAAGCT, R: CACAGAGTCTGCACGTAGGACA),  

NeuroD1 (F: CCTTGCTACTCCAAGACCCAGA, R: TTGCAGAGCGTCTGTACGAAGG),  

Bdnf (F: TCGTTCCTTTCGAGTTAGCC, R: TTGGTAAACGGCACAAAAC),  

Pde4a (F: CCGTGTTCACAGACCTGGAGAT, R: GGTGGTTCTCAAGCACAGACTC),  
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Syn1 (F: TATGCCACTGCTGAGCCCTTCA, R: ATGGCAATCTGCTCAAGCATAGC),  

Syn2 (F: CCTGCTCTGAAATGTTTGGTGGC, R: TCTGTCCTCCACTTGGTGTTCC),  

Rnf112 (F: AAGTGGAAGCCGCCAAGAAGGA, R: AGGAGGTTCCTCATCGTGTCAG),  

Bcl2l2 (F: CAAGTGCAGGATTGGATGGTGG, R: CTGTCCTCACTGATGCCCAGTT). 

 

PNKP enzymatic activity 

3’-phosphatase PNKP enzymatic activity from nuclear and mitochondrial extracts was 

performed as previously described (Chakraborty et al., 2015; Gao et al., 2019). A 3’-

phosphate oligo (51-mer), 32P-labeled, containing a single strand break was used to assess 

activity by measuring the amount of released 3’ phosphate from radio-labeled substrate as 

analyzed by 20% Urea-PAGE and PhosphorImager. The percent of phosphate release was 

represented as compared to total radiolabeled substrate (as 100).  

 

Genomic DNA purification and Somatic Expansion Measurement 

Genomic DNA (gDNA) was harvested for TRIzol interphase from tissue samples processed 

for RNA extraction as per manufacturers protocol. Bulk striatal gDNA was subjected to PCR 

amplification as previously described (Lee et al., 2010) using Htt CAG repeat–specific 

primers. Products were analyzed with ABI GeneMapper. PCR product traces were 

evaluated for somatic expansion by assessing cluster of peaks that differ by a single CAG 

repeat unit with the modal allele representing the designated base striatal CAG repeat 

length. Expansion indexes were calculated as previously described using threshold factors 

of 0%, 10%, and 20% to distinguish peaks from noise (Lee et al., 2010). Data was collected 

and analyzed blind.  
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Statistical Analysis 

All data represented as mean ± SEM with a p value of p<0.05 considered statistically 

significant. Analyses were completed in GraphPad Prism software. IR-flourescent intensity 

values were obtained from western blots using Li-Cor imaging software (Image Studio) and 

subjected to 2-way ANOVA to assess changes in protein levels with the exception of HMW 

mHTT analysis which was with Student’s unpaired 2-tailed t-test. Statistical analysis was 

completed of the delta CT (dCT) values obtained from qPCR reactions normalized to Rplp0. 

All 2-way ANOVAs were followed by Tukey’s multiple comparisons test. Somatic expansion 

was analyzed by comparing the expansion indexes with designated peak thresholds 

between miSafe and miPias1.3 treated R6/2 animals using Student’s unpaired 2-tailed t-

test. 
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Table 5.1: Summary heat map of Pias1 KD effect on transcriptional readouts in R6/2 and 

zQ175 heterozygote animals 

 

Gene 
R6/2 

miPias1 

8 Mon. 

zQ175 

Pre-Symp 

miPias1.3 

13.5 Mon. 

zQ175 

Pre-Symp 

miPias1.3 

male 

13.5 Mon. 

zQ175 

Pre-Symp 

miPias1.3 

female 

13.5 Mon. 

zQ175 

Symp 

miPias1.3 

male 

13.5 Mon. 

zQ175 

Symp 

miPias1.3 

female 

NeuroD1 
No 

Difference 

No 

Difference 
Treatment Treatment n/a n/a 

NeuroD2 
No 

Difference 

No 

Difference 
Treatment Treatment n/a n/a 

Syn1 Treatment Genotype Treatment 
No 

Difference 
n/a n/a 

Syn2 Treatment Genotype Treatment 
No 

Difference 
n/a n/a 

Bdnf Treatment Genotype Treatment 
No 

Difference 
n/a n/a 

Rnf112 Genotype Treatment Treatment 
No 

Difference 

No 

Difference 

No 

Difference 

Bcl2l2 Treatment Treatment Treatment Treatment Genotype 
No 

Difference 

Pde4a 
No 

Difference 
Treatment Treatment 

No 

Difference 

No 

Difference 

No 

Difference 

 (Orange = elevated, blue = decreased) 
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DISSERTATION CONCLUDING REMARKS 

Data presented in this dissertation provides the first mechanistic evidence for PIAS1 in 

modulating DNA damage repair pathways in the brain. In a normal, aging neuron, cellular 

processes exist to actively maintain cellular homeostasis and genomic integrity. Under 

neurodegenerative insults, these processes may be overcompensating or acting 

inappropriately in an attempt to maintain balance. Eventually they may become 

overwhelmed by disease insult and these normally neuroprotective mechanisms may tip 

the scale and become detrimental (Vanni et al., 2019). Therefore, my findings help 

elucidate how normal cellular processes are altered in HD and lay the foundation for 

understanding how targeting PIAS1 and DDR may restore balance, genomic integrity, and 

normalize aberrant transcription.  

 

A long standing question exists as to how PIAS1 and SUMOylation may modulate mHTT 

solubility and accumulation. I provide preliminary evidence that this accumulation may be 

modulated through non-covalent interactions through the PIAS1 SIM (Chapter 2). This may 

occur through binding to HTT itself or from interaction with a highly SUMOylated complex. 

However, while promising, the use of transient overexpression constructs resulted in 

promoter-driven artifacts that precluded final interpretation. Moving forward, the 

generation of endogenously edited PIAS1 mutations will allow for investigation into the 

specific mechanistic contributions of different functional domains of PIAS1 towards protein 

accumulation and other readouts, without the impact of overexpression promoters.  
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Pias1 KD previously reduced accumulation of an insoluble HMW mHTT species in the 

rapidly progressing, symptomatic R6/2 mouse model (Ochaba et al., 2016). This species 

accumulates over time in R6/2 mice and tracks with behavioral deficits ((Morozko et al., 

2018), Chapter 1). Interestingly, in zQ175 mice, Pias1 KD did not consistently modulate 

accumulation of this species which similarly accumulates over time (Chapter 4). In 

replicate R6/2 studies, baseline readouts differed but PIAS1 KD also did not have an effect 

on HMW species (Chapter 5). This was unexpected but may in part have been due to the 

lack of insoluble Pias1 protein accumulation at baseline or modulation of insoluble Pias1 

with miPias1.3 treatment in these mice. While the exact function of insoluble Pias1 versus 

soluble Pias1 is unknown, these differences at baseline suggest that there were 

fundamentally different molecular processes utilizing Pias1 in these current animal cohorts 

and may, in part, explain the lack of impact on accumulation of insoluble HMW mHTT 

protein and HD-associated behavioral deficits. This functional difference may be related to 

Pias1’s role in mediating inflammatory pathways since reduction in insoluble Pias1 

previously corresponded to normalized inflammatory markers in R6/2 mice (Ochaba et al., 

2016). 

 

PIAS1 functions to counterbalance inflammatory cascades by inhibiting STAT1 and binding 

to NfkB in the nucleus. Indeed, reduction of Pias1 in WT animals showed enrichment for 

inflammatory and cellular defense related mechanisms in the brain at the mRNA level 

(Chapter 4). However, this was not observed in HD zQ175 animals. Further, repeating our 

previous study in R6/2 mice, animals displayed inherently different baseline inflammatory 

profiles between cohorts based on levels of NfkB, Il-6, and insoluble Pias1 at baseline 
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(Chapter 5). This raises the possibility that Pias1 may have several and separable functions 

in the brain, which may be differentially accessed depending on the pre-existing molecular 

landscape. In neurodegenerative diseases, neuroinflammation may be an integral 

pathological process that drives disease progression. Therefore, targeting PIAS1 to 

modulate immune responses may be therapeutically beneficial in that way. However, this 

landscape may be influenced in part by genetic background, the surrounding environment, 

and diet. There is an emerging awareness in the neurodegeneration field that environment 

may impact observed phenotypic differences. 

 

Recent insights have been gained into the link between inflammatory diseases, including 

neurodegenerative diseases with neuroinflammatory components, and microbiome 

dysbiosis (Keshavarzian et al., 2015; Sherwin et al., 2018). Several pathways exist between 

the gastrointestinal tract and the nervous systems, providing an infrastructure for 

communication or the exchange of signaling molecules between the two (Bhattacharjee 

and Lukiw, 2013). The vascular system can also serve as a highway to deliver neurotoxic 

bacterial biproducts to the brain through the blood brain barrier. Therefore, microbiome 

dysbiosis may result in production of endotoxins (i.e. LPS) which circulate through the 

blood to reach the brain, triggering glial activation and protein aggregation (Castillo et al., 

2019). These changes in microbiome composition may in part be due vivarium differences 

as laboratory mouse microbiome composition can vary based on environment (Hufeldt et 

al., 2010). Since dysbiosis has been related to neurodegenerative diseases (Castillo et al., 

2019), different environments between the timing of experiments may have influenced the 

neuroinflammatory profile of individual animal cohorts. For future studies, it may be 
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beneficial to collect intestinal tissue or fecal matter at time of sacrifice to track differences 

in microbiome composition that could influence behavioral or molecular readouts. 

 

While levels of insoluble Pias1 were unchanged with KD in zQ175 mice, and accumulation 

of HMW mHTT was not affected, soluble levels of Pias1 protein as well as Pias1 transcript 

levels were significantly reduced. This corresponded with profound effects on 

transcriptional networks in mouse striatum (Chapter 4). Therefore, it is possible that 

modulating levels of soluble Pias1 specifically revealed additional molecular functions of 

Pias1 in the brain that had not been previously observed. However, the functional 

consequences of modulating these genes remain to be evaluated. At older ages, these genes 

were largely related to neuronal health and synaptic function. These genes could be 

affected by Pias1 mediated SUMOylation of transcription factors, thus altering their 

activity. Binding of transcription factors to transcription start sites with Pias1 KD can be 

assessed using chromatin-immunoprecipitation assays. Alternatively, Pias1 may be having 

a direct impact on SUMOylation of synaptic proteins. Assessing the SUMOylation status of 

synaptic compartments may help elucidate this direct effect. This is currently being 

pursued through use of SUMO-enrichment from striatum and striatal synaptosomes 

followed by proteomic profiling with and without Pias1 KD in HD animals. High-resolution 

microscopy will also help determine the structural impact of specific synaptic proteins with 

Pias1 KD. Finally, differentiated MSNs are electrophysiologically active (Telezhkin et al., 

2016). Completing electrophysiology on these cells with PIAS1 KD, coupled with slice 

cultures from HD mice with Pias1 KD, could further elucidate the functional consequences 

of modulating these synaptic-related transcriptional networks in HD neurons and brain. 
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The most consistently regulated gene with Pias1 KD was Bcl2l2, part of the Bcl-2 family. 

The pro-apoptotic protein Bax is also a member of this family but instead contributes 

towards neuronal death under numerous sources of stress including excitoxic, oxidative, 

and trophic deprivation stressors (D'Orsi et al., 2012; Deckwerth et al., 1996). Seeing as 

upstream regulator ATM mediates DNA damage response as well as Bax-mediated pro-

death pathways in conjunction with p53, it is possible that hyperactivation of ATM 

signaling due to sustained DNA damage in the HD brain might be triggering Bax mediated 

pro-death pathways (Chong et al., 2000; Gao et al., 2019; Gilman et al., 2003; Herzog et al., 

1998; Martin and Liu, 2002). Bcl2l2/Bcl-w is a pro-survival bcl-2 family member, counter 

balancing Bax mediated mitochondrial malfunction and cytochrome c release (Youle and 

Strasser, 2008). With the profound impact Pias1 KD had on Bcl2l2 transcript levels in 

zQ175 and R6/2 mice, it is possible that reducing Pias1 is supporting pro-survival 

pathways by increasing Bcl2l2 expression. Several experiments can be carried out to assess 

this possibility. First, assessment of protein balance between Bax and Bcl2l2 protein levels 

will determine pro-survival balance in neurons with Pias1 KD. As the balance between pro-

death and pro-life Bcl-2 family members is often used as a marker of apoptotic potential 

(Kilbride and Prehn, 2013; Korsmeyer, 1999; Oltvai et al., 1993), determining if the 

observed transcriptional effect of Pias1 KD on Bcl2l2 affects protein level balance may 

further support a pro-survival mechanism. Second, levels of cytochrome c release can be 

assessed either by western blot or by immunofluorescent staining. Increased levels of 

cytochrome c could indicate a shift towards pro-death pathways. Third, experiments can 

assess mitochondrial integrity or malfunction can also be carried out. An ATP assay can be 

completed on neuronal tissue extract. Alterations in ATP production could indicate 
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mitochondrial malfunction, suggesting a deficit in mitochondrial integrity. Together, these 

experiments would help determine if Pias1 is mediating neuronal survival by regulating 

the bcl-2 family balance and dynamics.  

 

Excitingly, reduction of PIAS1 rescued mHTT-impaired enzymatic activity of the end-

processing enzyme PNKP in several models of HD (Chapters 3-5). This was likely due 

PIAS1’s role as a SUMO E3 ligase for PNKP as I have now shown that PNKP is SUMOylated 

by PIAS1 (Chapter 3). The direct functional consequence of PNKP SUMOylation remains to 

be elucidated. Since KD of PIAS1 restored activity, it can be hypothesized that PNKP 

SUMOylation was preventing activity. This could be either by preventing activating 

phosphorylation of PNKP (Segal-Raz et al., 2011; Zolner et al., 2011) or by serving as an 

eviction signal for PNKP similar to other DDR repair factors that are PIAS1 SUMO 

substrates (Gibbs-Seymour et al., 2015; Luo et al., 2012). To investigate this, several 

experiments are currently underway. First, assessment of in vivo PNKP SUMOylation is 

currently being assessed. While endogenously SUMOylated PNKP was detected in human 

neurons, detecting PNKP SUMOylation in the complex environment of the brain will 

provide further evidence that PNKP SUMOylation may be modulating activity. Second, the 

target lysine(s) for PNKP SUMOylation will be identified. This will then allow for follow-up 

activity assays to assess the functional contribution of PNKP SUMOylation towards 

enzymatic activity. Third, as PNKP is phosphorylated to induce enzymatic activity (Segal-

Raz et al., 2011; Zolner et al., 2011), the interplay and relationship between 

phosphorylation and SUMOylation will be assessed. This will be completed by assessing 

SUMOylation of non-phosphorylatable PNKP compared to phosphorylated PNKP. Fourth, 
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PNKP will be assessed for STUbL activity to determine if SUMOylation is serving as an 

eviction signal similar to what has previously been seen for other DDR proteins. The STUbL 

RNF4 is a likely candidate as it has been shown to work in close harmony with PIAS1 

within repair processes (Gibbs-Seymour et al., 2015; Luo et al., 2012). Experiments 

knocking-down RNF4 will be completed to assess impact on PNKP SUMOylation, 

recruitment to repair sites, and clearance. These experiments will greatly aid in elucidating 

the functional consequences of PNKP SUMOylation. 

 

Decreased PNKP activity previously corresponded to decreased genomic integrity of 

actively transcribing neuronal genes (Gao et al., 2019). With Pias1 KD in zQ175 mice, 

aberrant transcriptional profiles were normalized and in R6/2 mice, the CAG-repeat was 

moderately stabilized. This supports the hypothesis that facilitating appropriate repair of 

unstable genes, or genes obtaining DNA lesions arising from active transcription, may be 

neuroprotective. However, due to the rapidly progressing nature of the R6/2 mouse model, 

the physiological consequences of preventing somatic repeat expansion by only a few 

repeats remained elusive. Therefore, to understand the long-term contribution of PIAS1 

towards stabilizing the HTT CAG-repeat, somatic repeat expansion will be assessed in 

knock-in HD animal models to compare to overall molecular landscape. For zQ175 mice, 

long-read sequencing technologies will be utilized as the length of the CAG-repeat in these 

animals is too long and unstable to assess expansion by conventional methods. Follow-up 

studies will include the use of PacBio™ Single Molecule, Real-Time Sequencing technology 

which allows for highly accurate, targeted sequencing of long regions including those of 

low complexity such as repeat expansions with high GC content (e.g. CAG-repeats). Further, 
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genomic integrity of genes normalized by pre-symptomatic Pias1 knock-down in zQ175 is 

currently being assessed by long-amplification qPCR. These genes are primarily synaptic 

and suggest that neuronal function may, in part, be modulated by maintaining genomic 

integrity of key genes required for neuronal function. These genes are likely accruing 

damage from active transcription and therefore may be overexpressed in a compensatory 

manner in an attempt to maintain function. With Pias1 KD serving to reduce this apparent, 

aberrant transcriptional profile in zQ175 mice, facilitating Pnkp activity may be promoting 

repair similar to what was observed in HD human neurons. Therefore, experiments directly 

assessing genomic integrity of several Pias1 KD-modulated genes are currently underway. 

Together, these studies will further establish how PIAS1 may be maintaining genomic 

stability and thereby neuronal function in vivo. 

 

Overall, data presented in this dissertation sheds light on functional contributions of Pias1 

towards HD pathogenesis in several different models of disease. These functional 

contributions may in part be modulated by baseline biochemical and inflammatory profiles 

and strongly suggest an ideal pre-symptomatic window for targeting HD-associated 

molecular readouts. Rescued activity of DNA damage repair processes and enhanced 

genomic integrity with PIAS1 KD defines a new function for PIAS1 in neurons and the 

brain. Given that modulating Pias1 at different disease stages differentially impacted 

molecular readouts, this data further highlights the importance of understanding the 

temporal effects on maintaining proteostatic balance that is perturbed by 

neurodegenerative processes. 
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